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INTRODUCTION 
This volume reports on one of three phases of research in a 2-year 
investigation of urban-induced precipitation modification. The overall 
project aimed to utilize existing data sources from St. Louis and Chicago to 
develop a better understanding of urban inadvertent precipitation modification. 
A principal objective of this project related to testing the transferability 
of the extensive METROMEX results, derived from the 1971-1975 field studies 
at St. Louis, to the Chicago metropolitan area. 
One phase of this 3-pronged project focused on the study of precipi-
tation-related data in the Chicago area. One objective was to discern evi-
dence of influences on the precipitation processes by study of the time and 
space differences in clouds, radar echoes, and surface rainfall. The second 
specific objective of this research phase of the project involved, where 
possible, comparison and integration of the results from the St. Louis 
studies with those found at Chicago so as to determine whether any precipi-
tation anomaly at Chicago could be explained by the results derived at St. 
Louis. This volume tests the Chicago studies. 
The other two major phases of this project research related 1) to 
study of case days at St. Louis to further test emerging hypothesis of 
urban modification (Volume 1), and 2) to perform studies of possible economic 
and geophysical impacts of the precipitation anomalies in the St. Louis 
and Chicago areas (Volume 3). 
The major thrusts of the Chicago-focused research reported in this 
volume were based on two general data sets. One was historical data based 
on available data during the 1931-1977 period, and the second was recent 
data based on new and special instruments and data sources from the 1975-1978 
period. 
The historical data were investigated in climate-type studies. These 
included a) a study of trends in seasonal and annual precipitation at north-
eastern Illinois and northwestern Indiana; b) an investigation of the rain-
fall patterns based on regionally heavy (2.5 inch or more) one-day rainstorms 
during the 1949-1974 period; and c) a study of urban and rural point thunder-
storm events for a 20-year period. In some respects, these studies updated 
earlier investigations and were aimed at comparison and testing with St. 
Louis results of the same nature. The choice of heavy one-day rain events 
for study was done because the 1971-1975 results at St. Louis had indicated 
that much of the urban influence on precipitation was realized in these type 
of events. 
Much of the total effort in the Chicago-focused investigations, 
however, focused on more recent data sources. These included a study of the 
GOES satellite data for the summers of 1975 and 1977 to examine both urban 
and lake influences on summer cloud frequencies. The operation of a Water 
Survey radar system in the Chicago area in 1977 provided digital radar data 
that were carefully studied for two major different type of rain events to 
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to investigate possible urban and lake influences on echo characteristics. 
In a similar vein, very detailed rainfall data from the Water Survey's 
dense recording raingage network (315 gages in 4,000 square miles) were 
used to delineate individual raincells in the summers of 1976-1977. Studies 
at St. Louis had revealed that urban influences were reflected in these 
expressions of convective activity, and the results were important in re-
vealing both the mechanisms and the reality of the urban anomaly in the St. 
Louis area. 
On a broader scale, the summer rainfall from the "rain events" in the 
Chicago dense network for the 3-year period (1976-1978) were analyzed with 
a strong emphasis on rain patterns based on their motion and synoptic weather 
classifications. Locales of maximum and minimum rainfall events in these 
rain events were examined to further delineate urban anomalies. 
A third study, developed unexpectedly within the framework of these 
Chicago area studies, involved research of the "La Porte Anomaly," the 
localized area of increased rainfall in northwestern Indiana where urban 
influences were suspected to have altered warm season rainfall and storm 
convections beginning in the 1930's. This anomaly has been the subject of 
considerable interest and some controversy over the past 12 years. The 
data and results generated in this study shed new and very important light 
on this anomaly. This report concludes with a summary and conclusion section 
which attempts to interpret the many results. Recommendations are offered 
for future research. 
The results and views expressed herein do not necessarily reflect the 
views of the National Science Foundation. 
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TEMPORAL TRENDS IN PRECIPITATION IN THE CHICAGO REGION 
Stanley A. Changnon, Jr. 
Illinois State Water Survey 
Urbana, Illinois 61801 
Introduction 
A study of seasonal and annual precipitation values in the Chicago region 
was made to investigate for possible changes in the amount of precipitation 
that could be attributed to urban-industrial affects in the Chicago area. In 
particular, time trend analyses were utilized in a manner similar to that used 
in previous studies (Huff and Changnon, 1972). 
In this present study, 5-year moving averages of total seasonal precipitation 
were calculated, and then regression equations were determined based on each 
sampling point. Thus, total seasonal precipitation was related to progressing 
time. The average trend that results is represented by the slope of the 
regression for given sampling. 
In this study, data for the 1931-1976 period were employed from 16 stations 
in the Chicago region, each with presumed quality data for the period. The 
1931-1976 time trend values of the 16 stations appear in Table 1. It should be 
noted that earlier studies (Changnon, 1968), indicated the potential of an 
urban-induced precipitation increase in northwestern Indiana, in an area about 
30 miles east of the Chicago metropolitan area. Results for one station, La Porte, 
suggested that sizeable urban-related increases occurred in warm season rainfall, 
thunderstorms, and hailstorms. 
As part of the present study, the data from the 16 stations were grouped 
into four areas. These four included the "upwind-control" which was in an 
arc-shaped area 30 to 60 km southwest, west, and northwest of Chicago. Here 
presumely no urban effects on precipitation could exist. This control area 
contained six precipitation stations, as shown on figure 1. The Chicago "Urban 
Area" was defined by the precipitation data from three stations in the city 
(fig. 1). "Near Downwind Area" was defined in NW Indiana. It contained three 
stations and was a presumed area where urban effects on precipitation could 
exist. The fourth area was the "Far Downwind Area" located 50 to 80 km beyond 
Chicago and it contained four stations. The values in this area were presumed 
to be "control" values without any urban influences. 
Seasonal and Annual Trend Patterns 
Figure 1 is a series of five iso-trend maps revealing the trend patterns 
for the four seasons and for the annual values. The trend values at each 
station were expressed in inches per year such that value of +.04 found in 
fiugre la indicates an upward trend of that value over the 46-year sampling 
period. 
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Figure 1. Seasonal and annual patterns of trends (inches per year) 
during 1931-1976 
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Table 1. Time Trends of Seasonal and Annual Precipitation 
During 1931-1976 Period. 
(1)Calculated without La Porte values. 
(2)South Bend value excluded from calculations of mean value. 
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The spring (March-May) pattern indicates slight upward values in the 
upwind area (of +.01 to +.03), as compared to slight downward values (-.01 to 
-.03) in the east. Thus, the climatic trend has a gradation in the region 
from up in the west to down to the east. The values in Chicago suggest that 
the presence of an urban influence, although the Aurora value is high as the 
values at the Midway Airport and Chicago University. The spring rainfall 
(fig. la) in southwest Chicago in the portion of the up area increased by 
1.84 inches between 1931 and 1976. The trend of +.045 inches at Aurora, just 
west of Chicago, represents an increase of 2.07 inches for the 1931-1976 
period. This value is an increase of 24% over the trend value derived for 
1931-1935. The other unusual feature in the spring pattern is the oval-shaped 
area of downward values centered around the La Porte station in northwestern 
Indiana. 
Figure lb presents the trend pattern for the summer season (June-August). 
Values to the west of Chicago are in the range of +.03 to +.05 inch, and those 
to the far downwind control area are in the range of +.01 to +.04 revealing a 
flat "climatological pattern" in the summer trend values. The major exceptions 
to the flat pattern are found in the three Chicago urban values and at the 
La Porte and Eau Claire stations. There appears to be a downward trend of -.06 
inch per year in the summer rainfall in the lee of Lake Michigan. In the city, 
the Airport and the University stations reveal a localized up trend area as 
defined by the +.06 inch trend line. The 46-year increase was 3.36 inches at 
the University of Chicago station. This increase is 39% of the 1931-1935 value. 
Similarly, the 46-year decrease at La Porte of 3.17 inches represented a decrease 
of 22% from a 1931-1935 value of 14.7 inches. 
Figure 2 presents the graphs of the 5-year moving summer totals at La Porte 
and the University of Chicago to further examine their unusual values. Shown on 
these graphs are the trend curves calculated for the first 23 years and second 
23 years. Also shown on figure 2, for comparison with the University of Chicago 
data, is that from a upwind station, Sycamore. Both stations show upward trends 
during the 1931-1953 period that were very similar. Their major differences 
result from the continuing upward trend since 1954 at Chicago as compared to a 
downward trend at Sycamore for this period. Also included on figure 2 are the 
5-year summer values for Valparaiso station just west of La Porte. These two 
stations, although they have quite different rainfall values, show similar up 
trends for 1931-1953. Thereafter, Valparaiso shows a slight downward trend for 
1954-1976, but La Porte shows a sizeable downward trend. It begins at more than 
17 inches for the 1954-1959 period, becoming less than 10 inches by 1972-1976. 
In a recent evaluation of the La Porte rainfall data, Changnon and Huff (1977) 
concluded that a relocation, by the National Weather Service, of the La Porte 
raingage station in 1969 resulted in a poor raingage explosure and a falsely 
reduced rainfall catch. This explanation does not apply to the equally sizeable 
decrease in summer rainfall found at Eau Claire, Michigan, and hence the La Porte 
summer trend may not be totally false. 
The fall season (September-November) trend values, as shown in Table 1, 
are a mixture of slight upward and downward values throughout the region. The 
pattern based on the trend values shown in figure 1c reveals that values west 
and east of Chicago largely range from -0.02 to +0.02 inch at most stations 
indicating a generally flat climatological gradient in trends. There is no 
-7-
Figure 2. Five-year moving averages of summer rainfall at selected 
stations, with trends for a) 1931-1953, and b) 1954-1976 
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suggestion of an urban effect in the fall trends. Again, La Porte value 
appears to be abnormally low, about .05 inch per year, representing a 46-year 
decrease of nearly 3 inches. 
The 46-year trend values for the winter season (December-February) appears 
in figure 1d. Values at the upwind control stations west of Chicago are 
generally close to zero indicating little shift, whereas those in the far 
downwind area suggest upward trends of .02 inch per year or higher. 
The value of +.067 inch at South Bend (Table 1) appears to be unusually 
high. Similarly, the La Porte value of -.062 inches appears unrealistic. The 
La Porte trend value indicates a decrease of 2.85 inches in 46 years, which is 
a 28% decrease over the mean value of 10.1 inches there for 1931-1935. The 
South Bend sizeable increase represents 3.08 inches in 46 years, an increase 
of 58% over the 5.3 inch mean value in 1931-1935. These two vastly different 
winter rainfall trends at adjacent stations located only 36 km apart are highly 
suspect. They are depicted in figure 3 along with the winter precipitation 
values for Valparaiso, a station located 20 km west of La Porte. The trends 
in the 1931-1935 period reveal considerable agreement between La Porte and 
Valparaiso, both with nearly a flat trend. However, the La Porte values are 
generally 2 to 3 inches greater. However, in the last 23 years, the La Porte 
values decreased markedly, particularly beginning in the early 1960's, as the 
Valparaiso values increased, again suggesting the effect of the 1969 shift in 
the La Porte raingage. The South Bend data show a sizeable increase in the 
winter precipitation throughout the 46-year period, being on the increase during 
the early 23 years when the other nearby stations were not showing any change. 
In the net, the La Porte data, particularly for the last 10 to 15 years suggest 
very anomalous behavior, and the South Bend winter data appear questionable for 
the entire 46-year period. 
The annual trend values, the combination of the seasonal values, are shown 
in Table 1. Thirteen of the 16 stations show plus values indicating upward 
trends in annual precipitation over the 46-year study period. Only Hobart 
(-.05 in), La Porte, and Eau Claire have annual values which are negative, or 
downward trending for the period. The iso-trend pattern based on the annual 
values appears in figure 1e. The upwind control values west of Chicago and 
those in the far downwind central area are generally between +.06 and +.08 inch. 
However, a marked anomalous high of greater than +.10 inch exists in Chicago. 
The increase at the University of Chicago station of 0.154 inches per year 
represents an increase of 7.08 inches over the 1931-1935 value. This is a 20% 
increase. The downward trends in the pattern east of Chicago appear valid in 
that three stations with downward trends are located in an arc along the 
lakeshore. There is no ready explanation for this interesting phenomenon but 
the possibility that this represents urban-industrial influences appears 
likely. Thr trend of -.341 inch at La Porte represents a 46-year decrease of 
15.68 inches. As noted in the seasonal patterns of figure 1 and in the graphs 
of figures 2 and 3, the La Porte downward values seem unrealistic in all 
seasons except possibly summer. The anomalous up trend area in the precipitation 
pattern over the southern part of Chicago (Airport and University stations) 
occurred largely in the summer and winter seasons with little apparent effect 
in the transition seasons, spring and fall. 
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Figure 3. Five-year moving averages of winter precipitation at 
selected stations with trends for a) 1931-1953, and b) 1954-1976 
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Urban Effects in Winter and Summer Seasons 
The indications that urban effects on precipitation exist in Chicago 
during the winter and summer seasons led to further investigation of these two 
seasons. Furthermore, the oddities in the trends at La Porte were further 
investigated for these two seasons. Figure 4a presents the summer rainfall 
(regression) trends developed for selected stations for the 1931-1976 period. 
The trend curve of the University of Chicago begins at slightly less than 9 
inches and reaches nearly 12 inches by 1976. The trend lines of two nearby 
upwind stations, Sycamore and Joliet, are also depicted on figure 4a. Although 
they have different and higher starting values (Joliet near 10 inches and 
Sycamore at 11.5 inches) their trends are of similar magnitude, but not as 
great an up trend as that at the University of Chicago station. The trends 
of the other four upwind stations were similar to those at Joliet and Sycamore, 
helping to reveal the reality of the anomalous increase in city rainfall. In 
essence, the urban effects have increased summer rainfall over the city such 
that it is now equivalent to that west of the city. 
Also shown on figure 4a is the La Porte summer trend line, showing the 
sizeable downward trend, and those for the two stations nearest to La Porte, 
Valparaiso and South Bend. These two stations both show upward trends revealing 
the abnormality of the La Porte trend. 
Figure 4b presents the 46-year trend lines for the winter season from 
selected stations. The Joliet trend line indicates a slight downward trend 
at this upwind control station (similar to that at other control stations). 
Conversely, there is a sizeable upward trend at the University of Chicago 
station, going from 4.6 inches in 1931-1935 to 6.3 inches in 1972-1976. The 
control vs urban differences again are clear and indicative of an urban 
influence to increase precipitation. 
Also shown in figure 4b are the trend lines for four of the downwind 
stations. Comparison of the South Bend and La Porte trends with those for 
adjacent other stations, Plymouth and Valparaiso, helps reveal the abnormality 
of both the La Porte and South Bend winter trend curves. Clearly, factors 
other than urbanization appear to have influenced precipitation at these two 
stations. Something resulted in sizeable increases at South Bend and major 
decreases at La Porte. 
Climatological Gradients in Trends 
Investigations of possible anomalous influences on precipitation over an 
area needs to take into account the large scale climatological gradients, or 
surfaces, in the values. Development of inner regional values smoothes 
station-to-station noise and allows delineation of grass regional surface and 
aberrations therefrom. Therefore, the values for the stations in the four 
general areas (upwind control, urban, near downwind, far downwind control) 
were averaged to obtain "regional average trend values" for the 1931-1976 period. 
These values are listed on Table 1 and are depicted on figure 5. It should be 
noted that because of questionable La Porte values in all seasons, the mean for 
the near downwind area was based solely on the Valparaiso and Hobart data. 
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Figure 4. Trends in summer and winter precipitation at selected stations 
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Figure 5. Regional average trend (1931-1976) values in 
seasonal precipitation, inches per year 
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Examination of the regional mean values in figure 5 helps illustrate that 
the winter and summer values in the Chicago urban area are particularly higher 
than those in the adjacent regions. Values of the Near Downward Area appear 
unusually high (up trends) in the fall, and are unusually low (downward) in the 
winter and spring. 
Another means used for examining the general regional climatological 
pattern of the trend values is portrayed in figure 6. Here, the area mean 
values, as shown in figure 5, have been plotted as west-to-east cross sections. 
In each of the four seasonal graphs, the values of the upwind and far downwind 
control areas have been connected by a dashed line labeled as the "climatic 
surface." This climatic surface is indicative of values that might be expected 
in the urban and Near Downwind Areas without any local effects from urban 
influences or poor sites or poor observations. Comparison of the means of 
the urban area and the Near Downwind Area with this surface line provides an 
indication of the presence and magnitude of urban effects in the four seasons. 
A reversal of influences appears in the winter and spring seasons. There 
are increases in the urban area (values above the climatic surface line), 
followed by decreases in the Near Downwind Area (values lower than those 
predicted). In the summer, the urban area value is shown to be sizeably 
greater than the climatic surface would have predicted, and the Near Downwind 
Area value is also above the predicted value. In the fall the Near Downwind 
Area appears to experience an increase. 
Estimation of Urban Effects and Summary 
Apparent local effects on precipitation in the Urban Area and Near 
Downwind Area were displayed in the trends of seasonal precipitation. The 
magnitude of these were estimated utilizing the cross sections shown in 
figure 6. For each season, the value "predicted" by the climatic surface 
value was determined for the urban and near downwind areas. These predicted 
values for each season in both areas appear in Table 2. Also shown are the 
actual trend values and the difference between the actual and the predicted. 
Further, the trend difference thus presumed as due to local effects was also 
expressed as the total change over the 46-year period. Inspection of these 
values for the Chicago Urban Area reveals the urban-induced increase is 
greatest in summer. There is the previously noted winter increase coupled 
with a lesser increase in spring and a very slight decrease in fall. The 
net residual obtained by adding the four change values for the 46-year period 
reveals a net increase of 2.53 inches. 
The Near Downwind Area trend values shown in Table 2 reveal the sizeable 
apparent urban-induced decreases in the winter and spring seasons. This area 
had values in the summer and fall that indicate slight increases, but the net 
total change is a decrease of 2.18 inches. 
In the net, this investigation has shown the presence of apparent urban 
effects on precipitation in Chicago, being greatest in south center part of the 
city. These occur primarily in the summer season and represent about a 15% 
increase in that season over the last 46 years. A winter increase of about 
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Figure 6. West-to-East regional cross sections based on regional 
seasonal trend values for 1931-1976, inches per year 
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Table 2. Evaluation of Local Effects in Seasonal 
Trend (1931-1976) Values. 
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10% is also shown, but in general, the trends in the city during the spring 
and fall transition seasons are so near the climatological expected value to 
be considered of no consequence. The agreement in the trends of all three 
urban stations supports the reality of this conclusion. 
None of the station values in the upwind control areas appeared to be 
unusual in any season. However, the La Porte values appeared to be fallaciously 
downward in all seasons and to have occurred during the last 10 years after a 
station relocation was achieved. The recent La Porte data cannot be employed 
in an analysis of urban effects. In a somewhat similar fashion, the winter 
precipitation trend at South Bend appears fallacious for unknown reasons. The 
South Bend trends appear acceptable in all other seasons. 
The precipitation decreases in the Near Downwind Area in both winter and 
spring (Table 2) are suggestive of local influences. The urban-industrial 
influences apparently have acted to diminish precipitation in the colder months 
of the year. It should be realized that the surface pattern approach employed 
in figure 6 to derive the estimates of local affects in Table 2 is terribly 
simplified and hence may mask influences and produce errors in these estimates. 
In general, consideration of the patterns and the various analyses 
support the concept of local, urban-related increases in precipitation over 
Chicago, particularly in summer and winter. It also appears likely that local 
urban-industrial effects produce a decrease beyond the city in the colder 
months, a fact not found in previous urban investigations of the Chicago area. 
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SUMMER RAIN PATTERNS WITH SYNOPTIC WEATHER TYPES 
IN THE CHICAGO AREA: A STUDY OF HISTORICAL DATA 
Stanley A. Changnon, Jr. and Gregory L. Dzurisln 
Introduction 
Rainfall patterns from 20 squall line cases, 19 cold front cases, and 9 
air mass storms during the summers of the 1949-1974 period and in northeastern 
Illinois and northwestern Indiana were investigated for detection of possible 
local influences on rainfall. This was part of the larger effort to compare 
possible urban effects at Chicago with those at St. Louis for the more intense 
rainstorms in the historical data. 
Answers to two questions were being sought in this study. First, did 
the combined or average rainfall pattern for each synoptic weather (storm) 
type suggest urban influences (highs in or east of the urban area), and second, 
did the patterns reveal characteristics similar to those found at St. Louis? 
Data and Analysis 
The storms sample used had been selected earlier for a study of heavier 
1-day rains in northeastern Illinois (Huff and Vogel, 1976). The definition 
of a storm was based on the situation when "one or more of the 28 raingages 
in the 6-county area (Cook, DuPage, Will, Lake, McHenry, and Kane) of 
northeastern Illinois recorded 2.5 inches or more rain in 24 hours." One-day 
storms that had 2.5-inch rainfall centers located outside the 6-county area 
of northeastern Illinois were not included in the analysis. For example, 
there were 24 storms that occurred in northwestern Indiana from 1949 to 1974. 
However, these storms were excluded to examine solely for direct urban effects. 
Each of the selected 1-day storms were found to be associated with one 
or three synoptic weather types — cold front, squall line, or air mass. Cold 
front storms were those with "rainfall associated with the approach and/or 
passage of the front." Squall line rainfall was that with "a storm system 
which produced a narrow band of thunderstorms or rainshowers (convective 
rainfall), and these were frequently precursors of cold fronts and indicative 
of a very unstable atmosphere." Air mass storms were "those which occurred in 
a relatively homogeneous body of air without the presence of fronts." The 
daily weather maps of the National Weather Service were used to obtain these 
classifications, and it was not possible to obtain a more detailed weather 
typing. The typing was also similar to that used in the analysis of the 
1971-75 METROMEX storms at St. Louis (Huff and Vogel, 1978). 
The distribution of the 38 precipitation reporting stations used in the 
analyses is shown in Figure 1. Fifteen of the seventeen stations in the 
denser network in Chicago had hourly reports of precipitation data and these 
are indicated. Two of the twelve other stations in northeastern Illinois, 
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Figure 1. Data stations in study area for ≥2 inch storms, 1949-1974 
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and two of the nine stations in northwestern Indiana also had hourly 
precipitation data. The storm precipitation amounts for the daily reporting 
stations were derived from hourly Climatological Data, since the 1-day (or 
less) storm time did not always coincide with the observation times at the 
daily reporting stations. The storm rainfall at the daily reporting stations 
was estimated from nearby hourly gages by determining the percent of rainfall 
which fell during the storm period for corresponding daily observation times 
at the recording raingages. 
Throughout the 26 years sampled, some of the stations changed locations. 
However, all the changes were minor, and the same data points were used for 
all the storms. Throughout the 26-year data period, two stations in Illinois 
reported rainfall amounts appearing to be low. There were Crete and Joliet 
Brandon Road (see Figure 1). 
The storms axis orientations were determined and used to obtain an 
indication of the movement of the major precipitation-producing entities 
embedded in the rain system. An orientation of 180°-270° generally indicates 
storms with major cells moving from the southwest to the northeast, and an 
orientation of 270°-360° generally indicates storms moving from the northwest 
to the southeast. 
Results 
Table 1 lists the times, dates and orientation of the 48 storms. Table 2 
shows that 73% of the total storms occurred in the summer season (June, July, 
and August), while in the fall season (September, October, and November) only 
17% of the storms occurred. The spring months (March, April, and May) had 
only 10% of the storms, and there were no heavy storms in the winter season. 
As expected, these convective type storms were concentrated in the warmest 
months, as in St. Louis. 
After each storm had been identified as to its synoptic type, a map 
representing the 26-year rainfall totals of each synoptic storm type was 
plotted and analyzed. There were two sets of maps plotted for each set of 
totals. One set was a large-scale portrayal of Chicago and the 6-county 
area, and a smaller scale map showing both the Illinois and Indiana areas. 
The average precipitation for each station was plotted based on the total 
precipitation for all the reported storms divided by the number of storms 
that had data reported (zero precipitation cases included). 
The average rainfall patterns (Figures 2-7) suggest possible urban 
effects, particularly leading to intensification of rain over the city. The 
cold frontal precipitation pattern (Figure 2) shows the core of heaviest 
rainfall is in the center of Chicago. On the broader scale, a downwind high 
is also evident in the La Porte area (Figure 3). A small low rainfall area 
is centered in the Whiting, Indiana region immediately in the south Chicago 
urban area. 
The average squall line precipitation patterns (Figures 4 and 5) also 
indicate the highest rainfall area is in the center of the city. However, 
no major downwind high occurs in the La Porte area. 
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Table 1 
1-Day Storms of Northeast Illinois, 1949-1974 
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Table 1 (continued) 
Table 2 
Percent of 1-Day Storms by Season 
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Figure 2. Average rainfall from cold fronts, inches 
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Figure 3. Average rainfall from cold front storms, inches 
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Figure 4. Average rainfall from squall line storms, inches 
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Figure 5. Average rainfall from squall line storms, inches 
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The precipitation from 9 air mass storms (Figures 6 and 7) shows little 
resemblance to the more organized rainfall patterns. The areas of high 
rainfall are in the urban and rural areas and, as at St. Louis, there is no 
clear indication of any urban effects on heavier rains produced during air 
mass, or poorly organized, weather conditions. No downwind high is evident. 
The map of the 16 storms with a northwest orientation (NW to SE motion) 
and that occurred with cold front and squall line conditions (Figure 8) helps 
explain the downwind effect found in the La Porte area. Since the storms were 
largely moving from the northwest to the southeast or over Chicago and then 
on to La Porte, they can be influenced by the city and also yield higher 
rainfall amounts to the southeast (La Porte area). The heaviest rainfall 
(>2.5 inches) is in the central urban area, and the high clearly extends to 
the southeast probably across the lake and into northwestern Indiana. The 
low rainfall area again is in the Whiting area. 
The pattern for 23 storms with a southwest-northeast orientation (Figure 9) 
shows as relatively high rainfall area in the southwestern suburbs of Chicago. 
The highest rainfall amounts exist in the central urban area. 
The pattern based on all the cold frontal and squall line storms 
combined (39 storms), in Figure 10, is most similar to the cold frontal storm 
map since the cold frontal storms have the highest average rain amounts. 
Point Rain Frequencies. The reality of the findings relating to the 
average rainfall patterns was investigated. Patterns were developed based on 
the point frequencies of heavy, ≥1.5 inches, events in the 1949-1974 sample 
of 48 storms. 
The pattern for the 20 squall line cases had a distinct urban maximum 
with values ranging from 10 to 15 events. In the rural areas to the south, 
north, and west, the values were 8 or less. These differences suggest an 
urban increase in the number of heavy rains, as well as in amounts in squall 
line situations. 
The cold front findings indicate a west-east maximum from Aurora to the 
south side of the city. This does not appear to be an easily distinguished 
urban maximum, although the suburban values north and south of the city are 
20 to 30% lower than those in the city (and in the east-west band that goes 
in the rural area west of Chicago). Urban effects are not clear. 
The air mass pattern does not suggest any urban influences. The areas 
of greatest point frequencies exist in rural areas south and northwest of 
Chicago. 
Conclusions 
The average isohyetal patterns based on heavier short duration (1 day or 
less) rainstorms in the Chicago area strongly indicate localized influences 
on the precipitation distribution. Lake influences do not appear to exist in 
northeastern Illinois, because no uniform distribution exists along the lake 
or inland. 
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Figure 6. Average rainfall from air mass storms, inches 
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Figure 7. Average rainfall from air mass storms, inches 
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Figure 8. Average rainfall pattern, inches, for heavy storms 
(≥2.5 inches at a point) moving from the northwest 
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Figure 9. Average rainfall pattern, inches, for heavy storms 
moving from the southwest 
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Figure 10. Average rainfall pattern for all storms produced by 
cold fronts and squall lines, inches, 1949-1974 
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Heaviest rainfall occurs over the city center when well organized 
(squall line and cold front) heavy precipitation systems occur, but not when 
unorganized systems produce regionally heavy rains. Influences appear 
greatest when squall lines occur. When the storm system moves from the 
northwest, a secondary rainfall high is found in northwestern Indiana, 
indicating urban effects extend well beyond the city center. 
In general, the results of this limited historical study of storms in 
the Chicago area are in close agreement with the METROMEX results for St. 
Louis. That is, the urban enhancement of rainfall is greatest when well 
organized synoptic conditions produce heavy precipitation. Furthermore, the 
increased rainfall begins over the city and extends eastward, 20 to 40 miles. 
The appearance of an average maximum over the center of Chicago, as opposed 
to east of St. Louis, is believed due to the greater size and hence longer 
fetch across Chicago. The rural area 5 to 10 miles east of St. Louis is 
equivalent in distance to the Loop in Chicago with respect to the western 
edge of the two metropolitan areas. 
These results suggest the direct transferability of the METROMEX results 
about rainfall distribution and synoptic weather types. 
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THUNDERSTORM CHARACTERISTICS AT CHICAGO 
Stanley A. Changnon, Jr. 
Introduction 
The apparent ability of urban areas to induce thunderstorms and increase 
their associated rainfall has been noted by Kratzer et al., (1956) and Atkinson 
(1968) in studies of several European cities. A study of historical weather 
records at La Porte, Indiana, which is 30 miles downwind from the Chicago area, 
indicated that warm season rainfall and thunderstomrs in recent years had 
undergone 30 to 40 percent increases due to urban-industrial effects (Changnon, 
1968). METROMEX findings clearly established that urban conditions produced 
45% average increases in summer thunder days (Changnon, 1978). 
The indications that large urban areas, by increasing nuclei, vertical 
motions (by heating and mechanical turbulence), and water vapor, provide, under 
certain weather conditions, the mechanisms sufficient to initiate thunderstorms 
was investigated at Chicago. Climatological investigations of urban-rural 
thunderstorm frequency differences are usually hampered by the lack of compar-
able quality records from stations inside the city and those outside the city. 
Joint operation of in-city and rural airport stations by the NWS over a period 
of years in Chicago provided the data for a climatological analysis of urban-
rural differences. The comparable data available consisted of Midway Airport 
(urban) and O'Hare Airport (upwind rural) data for the January 1959 to December 
1978 period. 
Initially, the monthly frequencies of thunderstorm days were compared 
and then tested statistically to ascertain the presence and significance of 
the higher thunderstorm frequencies over the urban area. Further study of the 
urban effect was based on comparisons between 1) thunderstorm data on days when 
the urban station had thunderstorms and the upwind rural station had none, and 
2) the thunderstorm data on days when the rural station had thunderstorms with 
none over the city. The "rural-only" thunder cases were considered to represent 
the spatial variability between two points under natural conditions, and 
differences between these natural (rural) data and the "urban-only" thunder 
cases serve as a measure of potential urban effects, either for decreasing or 
increasing thunderstorms. 
The synoptic weather conditions associated with thunderstorms so defined 
as urban induced also were studied, and the times of occurrence of urban thunder-
storms were analyzed to help establish, even if indirectly, the conditions and 
urban effects most responsible for urban-induced thunderstorms. Rainfall data 
for the urban-only and rural-only thunderstorms were analyzed to investigate 
whether the rainfall quantity for urban-induced thunderstorms was affected. 
The results are compared with those at St. Louis as a check on the transfer-
ability of the St. Louis METROMEX results. 
-34-
Thunderstorm Frequencies 
In the 1959-1978 study period, the O'Hare (rural) station had 751 days 
with thunderstorms (38 per year). On 118 of these days (16%) thunderstorms 
did not occur at the Midway (urban) station. The urban station recorded thunder-
storms on 878 days (44 per year). On 245 of these days (28%) thunderstorms were 
not recorded at the rural station. Thus, on 633 days, thunderstorms were 
sufficiently widespread to occur at both locations. The urban-rural difference 
of 127 thunderstorm days in 20 years indicates that the urban area averaged 
about 6 days of thunderstorms more per year than did the upwind rural station. 
In only 4 of the 20 years did the rural station totals exceed those at the 
urban station. 
The average monthly thunderstorm-day values (Table 1) indicate that urban 
(Midway) values markedly exceeded the rural (O'Hare) values from March through 
August. In all other months, there is only a slight difference between the two 
averages. However, the winter differences are sizeable percentage-wise. 
In the 20-year study period, the urban monthly frequencies exceeded the 
rural ones often. In May, 12 of the urban totals exceeded the rural values 
(4 were ties), and 14 of the 20 Junes had urban values greater than rural values 
(plus 2 ties). Urban monthly totals greater than rural totals were more frequent 
in each month (for March through August period) than the reverse condition (R>U). 
The 20 spring-summer (March-August) thunderstorm values available for the 
urban station were compared with those at the rural station using the 1-sample 
Wilcoxon test and the matched T test to obtain a measure of the statistical 
significance of the difference. The average number of thunderstorm days for 
this 6-month period at the urban location was 35 and that at the rural station 
was 29. The probability that the urban-rural differences over the 20 years were 
not due to random sampling was <.005, indicating considerable significance in 
the differences. 
The difference between the 245 thunderstorms occurring only at Midway 
(urban-only) and the 118 only at O'Hare (rural-only) was designated as the 
number over central Chicago that resulted from urban effects. These added 127 
thunderstorm days in 20 years represent an increase of 17 percent above the 
total rural values (751 days). The summer season difference between the urban-
only and rural-only occurrences was 51 thunderstorm days (Table 2), a 15-percent 
increase above the rural value. The spring difference of 53 thunderstorm days 
(more in the urban area) was a 23-percent increase. 
The synoptic weather conditions present on each of the single-station 
thunderstorm days were determined and compared for two seasons (Table 3). The 
53-day urban increase in spring is shown by the ratios to be largely a result 
of added thunderstorms on days when lows and occluded front conditions existed. 
The U/R ratios for summer reveal that the urban increase occurred largely when 
air mass, cold front, and stationary front conditions existed. Consideration 
of frequency alone shows the cold front and air mass importance in summer. 
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Table 1. Average number of thunder days. 
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Table 2. Number of urban-only and rural-only 
thunderstorm days at Chicago, 1959-1978. 
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Table 3. Comparison of synoptic weather conditions 
with thunderstorms in Chicago, 1959-1978. 
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The times of occurrence of the urban-only and rural-only thunderstorms were 
determined for the four 6-hour periods of the day. The resulting frequencies 
for the warm seasons appear in Table 4. Their ratios, which reflect the urban 
effect to increase or decrease activity in a particular 6-hour period, show 
that the increased urban thunderstorm activity in spring is realized primarily 
in the 1200 to 2400 period. In summer and fall the effect is more nocturnal, 
peaking between 0000 CDT and 1200. 
Rainfall with Urban-Induced Thunderstorms 
The amounts of rainfall at both stations on each single-station thunderstorm 
day category were recorded to study the rainfall production of these natural and 
urban-induced thunderstorms. Two urban-rural rainfall comparisons were made on 
a seasonal and annual basis. The first comparative analysis involved comparing 
differences between the city-only thunderstorm day rain amounts and the rural-
only amounts. The second comparison considered the net rainfall differences 
which included the rainfall amounts at the station without thunder as well as 
those at the station experiencing thunderstorms. 
The total Chicago Midway rainfall on the urban-only days was 59.44 inches 
which was 26.07 inches greater than that at 0'Hare occurring on the rural-only 
days. The annual difference is 1.3 inches. The 59.44-inch total at the Midway 
station was 10% of its total 20-year precipitation, and the 33.37-inch rural-only 
total was 6% of the total at O'Hare. 
The Midway station had 37.36 inches more precipitation than O'Hare in the 
study period, and 26.07 inches, or 70% of this difference, was from the urban-
induced thunderstorms. 
The average daily rainfall values with single-station thunderstorms (urban 
and rural) shown in Table 5 indicate that an urban effect is apparent in the 
thunderstorm rainfall as well as in storm frequency. The urban-only thunder-
storms normally produced more daily precipitation than the rural-only storms 
in winter, spring, and summer. The big difference in winter likely results from 
the small sample of storms (6 at O'Hare and 17 at Midway). 
The most important results are those for summer which show that the urban-
only thunderstorm produces 20% more rainfall at Chicago, on the average, than do 
the rural-only summer storms. 
In a second comparison, the rainfall occurring at the thunder station 
was compared with that on the same day at the non-thunder station. Table 6 shows 
the total values for these conditions. For instance, the total rainfall at the 
Chicago rural station on the 118 days with rural-only thunderstorms was 33.37 inches 
and the total at the urban station on these days was 20.15 inches. The average 
daily values (Table 6) at stations without thunder (on a thunderstorm day at 
the other station) are quite similar, 0.19 vs 0.17 inches. These nearly equal 
values indicate little urban effect on the non-thunder rainfall days at the 
urban station. 
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Table 4. Temporal Distributions of Thunderstorms, 1959-1978. 
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Table 5. Average daily rainfall on single-station thunderstorm days. 
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Table 6. Comparison of rainfall at thunder stations and non-
thunder stations on days with single-station thunderstorms. 
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Conclusions 
Results show that the urban-located station had statistically significant 
greater numbers of thunderstorms in the spring-summer season than did the rural 
station. Observational techniques at both Chicago stations are identical and 
should not be the cause for the urban-rural differences (Changnon, 1977). It 
is conceivable that local lake effects at Chicago also may play some role in 
the development of more urban-area thunderstorms but this is unlikely. The 
rainfall analysis indicated that the urban effect also led to 20% more rainfall 
from urban-induced thunderstorms than fell from non-urban thunderstorms. 
Since the METROMEX results on thunderstorm activity are confined to the 
summer (June-August) season, the Chicago results for summer were compared with 
those at St. Louis to examine transferability of the St. Louis results. 
The METROMEX analyses of local thunder increases and synoptic weather 
conditions (Changnon, 1978) showed the greatest increases in 1) air mass, 2) 
warm front, and 3) cold front situations (in that order). The Chicago results 
show the greatest effects with 1) air mass, 2) cold front, and 3) stationary 
front conditions (in that order). These are reasonably similar outcomes. 
The METROMEX results for the diurnal distribution of urban-induced thunder 
activity indicated 1) an increase in all hours, but 2) being greatest in the 
1000-1400 CDT and 0000-0300 periods. The Chicago results for summer (Table 4) 
also reveal an increase in all hours with the greatest in the 0000-0600 CDT 
period. Again, the Chicago results are similar to the St. Louis results. 
Comparison of the percentage increase in summer thunderstorm days at 
METROMEX reveals Chicago values of 14% in June (66% at St. Louis), 15% in 
July (43% at St. Louis), and 24% in August (34% at St. Louis). Thus, the 
Chicago differences agree in that they indicate increases in all months, but 
they are less than the St. Louis values. This is not unexpected since the 
greatest number of thunder sampling points at St. Louis (.12) versus only 2 at 
Chicago indicates a greater likelihood of discerning a maximum change area at 
St. Louis, as opposed to Chicago. 
In general, the Chicago study of urban-influences on thunderstorm activity, 
of necessity a much more limited investigation than that at St. Louis, provided 
results that were very similar to those from St. Louis. In essence they support 
the concept that the St. Louis findings are transferable and they are indicative 
of influences of major urban areas on convective precipitation. These influences 
occur in most synoptic weather conditions, are greatest in summer, but occur in 
most months, and occur throughout the day. 
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CHICAGO AREA CLOUD DISTRIBUTIONS FROM SATELLITE PHOTOGRAPHY 
Robert W. Scott and Ronald C. Grosh 
Introduction 
Satellite-observed cloud distributions were obtained across the southern 
end of Lake Michigan and adjoining land areas during two recent summers to 
investigate the effect of the urban and lake environment on cloud frequencies. 
Visual GOES pictures with a resolution of one mile obtained at 1500, 1800, 2100, 
and 0000 GMT (1000, 1300, 1600, and 1900 CDT*) from 1 June to 31 August of 1975 
and 1977, formed the data base. 
In a previous study by Grosh (1977), similar data were evaluated to aid in 
understanding changes in cloud distributions influenced by the urban areas in 
and around St. Louis, Missouri. Results indicated higher cloud frequencies down-
wind of the city after the time of maximum heating, but no simple pattern of 
changing distributions was evident. Grosh concluded that many factors such as 
wind direction and speed, sun angle, surface topography and emissions, stability, 
and the interaction between these effects must be considered in determining urban 
influences. The current study was similar in that the investigation centered 
around Chicago, a large urban-industrial area. However, the physiography differed 
strikingly with the presence of a large body of water (Lake Michigan) in the middle 
of the network. Attempting to define the influence exerted by the interaction of 
these two features on cloud frequencies is the primary objective of this study. 
Data and Method of Evaluation 
2 2 A rectangular area of nearly 18,640 km (7,200 mi ) including the entire 
urban Chicago area and the southern end of Lake Michigan was selected for evalu-
ation (Fig. 1). The area, approximately 193.1 x 96.5 km with the long axis 
oriented in an east-west direction, was subdivided into 200 smaller areas 
(hereafter termed "grid squares"), each about 9.7 km (6 mi) on a side. Most of 
the land area was subdivided into regions representing a land use density network 
developed by Corban (1978). These areas are shown in each figure as short dashed 
lines. 
Cloud cover information was assessed for the region by means of a Zoom-
Transparency Scope, an instrument which enables a viewer to see two items con-
currently for comparison; in this case, a satellite image and a gridded base 
map. The device allows the operator to stretch, magnify, and deform the picture 
visually while aligning it to the scale and projection size of the base map. 
During this process, grid squares that appeared to enclose any clouds were 
considered totally cloudy, those without clouds were termed clear. 
*Unless otherwise specified, all times given are CDT. 
NOTE: Figs. 1-9 of this Section 
appear in Vol. 1 of this Final 
Report series. 
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Satellite images were taken on the hour, for the most part, but 
occasionally those taken 0.5 hour from the standard observation times were the 
only ones available. No pictures taken more than ±30 minutes from the obser-
vation times were included in the analysis. Out of a possible 184 summer days 
of data, the total number of useful pictures for each hour was 167 (1000), 
150 (1300), 138 (1600) and 66 (1900). 
Two investigators extracted the data from the satellite images, one for 
each year, using somewhat different methods. The 1975 data were obtained 
entirely with the use of an overlay (showing the lake boundary and state lines) 
placed directly on the picture. Several different overlays were used in attempt-
ing to obtain a "best fit" to the picture, correcting for variations in the nadir 
of the satellite from its equatorial orbit of ±1° in latitude. In 1977, the 
method different in that generally, the first three hours of images were aligned 
with the base map by using a visible portion of Lake Michigan; otherwise, an 
overlay was used. Results indicate that substantially similar patterns were 
observed in both years. Therefore, the use of two somewhat different methods of 
data reduction by separate investigators was not seen as a problem. 
Data at 1900 possessed a less than desired level of confidence using either 
method. Due to the low sun angle, the lake was not visible on the pictures and 
the closest features available to align with an overlay were the Texas Gulf Coast 
and semi-permanent snowcover regions in the Rockies. Results show that although 
this process was sufficient for 1975, the fields created from 1977 data at this 
time appear to have a serious alignment problem. For this reason, data at 1900 
were excluded from the study. 
The data were further processed via computer, yielding cloud frequencies 
for each grid square of the network at every hour. These results are presented 
graphically in categories bounded by one or more standard deviations above and 
below the relevant network mean. In most figures, the category boundaries per-
tain to each map separately and are independent of all other times. 
Results and Discussion 
Cloud distributions at 1000, 1300, and 1600 are shown for each year 
individually in figures 2 and 3, and these are combined in figure 4. For the 
most part, clouds at 1000 were distributed evenly across the network. Only a 
slight preference was observed during both years for more frequent cloud cover 
over land areas. Generally, this could be expected since at this time of the day 
differential heating of air above the land and lake had not yet been able to 
create strong temperature differences between the two. Any urban effect at 
this hour was masked in the remaining data. 
By 1300, a sharp change occurred across the network. A relative minimum 
in cloud cover appeared over the lake compared to a much higher frequency over 
the land area. Maximum cloud cover was located generally in the southwestern 
portion of the network. Any strong perturbation caused by the urban area seems 
to have been hidden by the closeness of the lake. However, a small extension 
of moderate cloud frequencies appeared along the western edge of the lake, with 
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with a corresponding region of lesser cloud cover just east of the lake. Since 
winds in this region during the summer are typically from the west, it is likely 
that the frequencies in both of these areas were created by the prevailing con-
ditions upstream. This will be explored further in discussing the wind strati-
fications. 
The maps at 1600 changed very little from three hours earlier. The most 
noticeable difference was found in the southernmost tip of Lake Michigan, where 
moderate cloud frequencies continued, but now appeared more enhanced just east 
of Chicago. This possibly may be an urban effect, again displaced eastward 
due to the prevailing winds. 
Means, standard deviations, and ranges of values of percentage cloud cover 
at 1000, 1300, and 1600 for both years, individually and combined, are shown in 
Table 1. The average cloud cover for the network increased substantially between 
1000 and 1300. A corresponding increase in the standard deviation also occurred. 
These factors resulted from an almost 40% increase in cloud cover over the land 
due to diurnal heating while the cloud frequency over the lake remained nearly 
constant. Again, little change was indicated between 1300 and 1600. Maxima and 
minima values differed substantially at times between the two years (e.g. the 
maxima at 1300). As with most meteorological phenomena, many years of data 
would be necessary to determine the "normality" of this event. 
Table 1. Cloud Frequency Statistics (%). 
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The dramatic change of cloud frequency across the network during the day 
can be readily observed in figure 5. This figure is based on a single network 
mean and a corresponding standard deviation over the entire set of data, 455 
pictures. Comparisons of cloud frequency were performed at each hour separately. 
At 1000, low cloud cover existed over the entire grid with very little difference 
between land and lake areas. By 1300, the lake's cloud frequency had increased 
little, however, the land cloud cover had greatly increased. Differences attributed 
to urban influences are not obvious, but a small extension of moderate frequencies 
was evident over the lake and just east of the western lake shore. 
Most of the network values at 1600 represented small decreases from those at 
1300, except for the southernmost part of Lake Michigan. Here, just east of the 
city, clouds increased from the number three hours earlier. This may indicate an 
urban effect. 
On the whole, however, all results presented thus far seem to indicate 
that if substantial changes in cloud cover due to urban effects occurred, then 
they were masked by the overwhelming influence of the land-lake interactions. 
This is evident in figure 6, which shows the total cloud distribution combining 
all hours in both summers on one map. The lake, on the whole, averaged around 
50% cloud cover, whereas the land averaged nearly 70%. The greatest cloud 
frequency was located to the southwest of the urban area, forming apparently 
without the influence of the city. Any success at linking cloud frequency 
variation to the smaller, land use density network (from Fig. 1) is considered 
unlikely. 
On some of the patterns presented previously, an area of moderate cloud 
frequency was observed over the lake just east of Chicago. In order to inves-
tigate this extension and other anomalous cloud areas, certain stratifications of 
the cloud data were performed. These included: 1) those days when pictures at 
every hour were useful, 2) weekend days vs. weekdays, 3) days with stagnant 
weather conditions, and 4) wind direction classes. 
Essentially no change was noticeable in the first set of stratifications 
(good photos every hour), basically because this condition did not exclude many 
photographs. Data were useful at all hours on 131 days. Therefore, the extra 
days added to the earlier hours were most likely synoptically similar, and 
caused little change in the main patterns. 
The next two stratifications (results not presented in maps) showed some 
pattern variations, but these were not consistent from one time to the next. Time 
continuity did occur in the statistics, however, as weekends were more cloudy 
than week days and possessed a higher standard deviation. Also, days of stagnant 
weather conditions (measured by occurrence of haze, smoke, and/or fog at Midway 
Airport in Chicago) were characterized by substantially greater cloud cover than 
in the total data fields. 
The most significant variations appeared, however, when the data were 
separated into categories depicting winds from each of the four cardinal directions. 
The stratification was performed using 850-mb winds to avoid surface friction 
effects and to better represent actual cloud motions. A subjective extraction of 
data was performed from standard 850-mb analyses at 1200 and 0000 GMT during the 
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months of June, July and August in 1975 and 1977. A subjective interpolation 
followed, resulting in wind directions for each of the satellite observation 
times. Quadrant boundaries were selected at ± 45° from 90°, 180°, 270°, and 
360°, representing winds labeled as east, south, west, and north, respectively. 
The fields created from this procedure and relevant statistics are shown 
in figures 7-9 and Table 2, respectively. Maps of cloud cover during west 
(sw, w, nw) and north (nnw, n, ne) winds are included for every hour, whereas 
east (ene, e, se) and south (sse, s, sw) wind stratifications are presented 
for comparisons purposes at 1600 CDT only. Although the basic patterns were 
similar to the rest of the data, variations observed on the east and south 
wind maps were not orderly or consistent with time. Furthermore, the E and 
S wind sample sizes were small to consider any of the changes as valid. 
Cloud cover frequencies at 1000 (Fig. 7) were generally very uniform 
across the study network, but differences did appear. West winds had a somewhat 
higher mean cloud cover, and a substantially higher standard deviation occurred 
with northerly winds. Both of these variations can be explained through synoptic 
considerations. For example, regarding the variation in the mean, before the 
passage of a summer cold frontal system, winds could be expected from a more 
westerly direction with greater cloud cover than afterwards, when winds are 
usually more northerly and with fewer clouds. The variation in standard 
deviation could be a result of the small sample size, but post frontal northerly 
winds sometimes brought either totally clear skies or sometimes very cloudy 
skies. Obviously, such extremes in cloud cover greatly increase the standard 
deviation. 
By 1300, the standard deviations had increased over those at 1000, re-
flecting the marked differences in sky conditions across the grid (Fig. 8). 
Network averages had increased since 1000 with both wind directions. However, 
at 1300, a substantial pattern difference appeared between the two wind classes. 
An area of Lake Michigan adjacent to Chicago experienced higher cloud frequencies 
with west winds than with north winds. Actually, this anomaly occurred all along 
the western lake shore, but it was especially pronounced (extended further east) 
opposite Chicago. West winds also showed relatively clearer skies over the land 
along the Michigan shoreline. In a similar vein, northerly winds produced an 
area of relatively low cloud frequency south of the lake, compared to west winds. 
It appears likely that these anomalous patterns are a direct result of how the 
prevailing winds extend the lake, land, and urban effects downwind of their origin. 
At 1600 CDT (Fig. 9), the network mean cloud cover for west winds increased 
slightly over its 1300 valve but its standard deviation dropped. However, the 
cloud frequency for northerly winds decreased sharply from 1300 to 1600 for the 
network as a whole, along with a rise in its standard deviation. The cause for 
this change is unclear, but could be due in part to the small sample sizes of 
northerly winds at both times. 
Relatively higher cloud frequencies continued at 1600 over Lake Michigan 
and east of Chicago under west winds (Fig. 9a), while lower frequencies existed 
south of the lake when winds were northerly. The west wind pattern, also shows a 
pronounced maximum in cloudiness over the urban area of Chicago. Urban influences 
are thus evident on the 1600 CDT cloud field with west wind (prevailing) conditions. 
Table 2. Cloud frequency statistics (%) stratified 
with wind direction 
-51-
East and south winds (presented only at 1600) do show, in general, the 
basic patterns observed throughout the data (Fig. 9c and d). However, the 
small sample size of east wind cases, make variations in the field almost 
meaningless. Although the southerly wind sample size approaches that of 
north winds, low frequency regions appear well away from the lake, atypical of 
the patterns observed in the other data at this hour. 
Comparison of Chicago results with those for St. Louis (Grosh, 1977) 
is difficult due to the addition of a large water body covering 35% of the 
Chicago study network, but there were some similarities. As at St. Louis, the 
Chicago study found higher cloud frequencies at both 1300 and 1600 downwind 
(east) of urban area, but only with west winds. In St. Louis, the cloud cover 
increased downwind of the urban area at 1600 with all winds. Both studies also 
found higher cloud frequencies on weekends and during stagnant weather periods. 
Cloud statistics obviously were not similar in actual values. Compared 
to St. Louis, means over the Chicago network were less extreme, the low end of 
the ranges remained nearly constant, and the standard deviations were greatly 
enhanced at 1300 and 1600, all apparently due to the lake influence. However, 
trends were very similar. In both studies, cloud frequencies were relatively 
low at 1000, increased rapidly by 1300, and then, while the mean and range of 
values remained nearly constant until after 1600, the standard deviations dropped. 
Summary and Conclusions 
Cloud frequencies were calculated over the southern end of Lake Michigan 
and surrounding areas, including Chicago, for the summers of 1975 and 1977, to 
investigate possible accidental changes in cloud distributions caused by urban 
effects. Cloud cover was extracted from GOES satellite pictures at 1000, 1300, 
1600, and 1900 CDT during both summers using a special optical instrument. 
Results indicated a regionally uniform field of cloud frequency in the mid-morning 
with increasing cloud cover over land areas as the day progressed. The incidence 
of clouds over the lake remained nearly constant throughout the day. 
Various stratifications of the cloud data did not show large pattern 
variations with the exception of the distributions based on the 850-mb wind 
direction. Both west and north winds appeared to influence cloud frequency, 
extending existing conditions downstream of the city. This downwind enhancement 
was greater during west winds. Any major urban effects on local cloud frequency 
is largely obscurred because of the overwhelming influence of the air mass contrast 
of the land and the lake. 
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RADAR ECHO STUDIES 
Arthur Jameson 
Introduction 
With the increasing emphasis on the interaction of man and this 
environment, the impact of cities on regional weather has been the subject of 
much recent investigation. Although it has been conceptually easy to 
construct a number of hypothetical potential influences upon urban weather, it 
has not been such an easy task to find evidence of urban meteorological 
influences much less isolate causative factors. This is not surprising in 
light of the extreme complexity generated by a large number of interrelated 
variables as are found in the urban environment. For convenience, these 
variables may be classified into those having microphysical influence upon 
clouds and precipitation and those producing dynamic and kinematic 
perturbations upon the ambient, rural conditions upwind of an urban area. 
Recently, intensive studies have been conducted in the St. Louis area 
(METROMEX) during the summers of 1971-1975. The summer is an opportune time 
to conduct urban research from a dynamical point of view. Since much of the 
urban impact should be confined to the boundary layer within a few kilometers 
of the surface, as suggested by early research, it is important to look for 
dynamic city effects at a time when the atmosphere is most likely to respond 
vertically to a thermal perturbation (warm season) than at time when 
horizontal atmospheric stratifications are more significant dynamically (cold 
season). In part for this reason, much effort has been directed toward 
studies of summertime convection near and over the city. 
Over the last several years it has been established that under certain 
conditions, the city does indeed appear to induce a circulation in response to 
the urban heat island and mechanical forcing rooted in the surface roughness 
of an urban area. As examples Angell et al., (1973) found an urban plume of 
rising air extending several kilometers downwind of Oklahoma City. Recently 
much more detailed observations were reported by Kropfli and Kohn (1978). 
Based upon dual-Doppler radar observations, they found a convergence line 
possibly associated with the St. Louis urban area. Wong and Dirks (1978) 
found that the urban heat island produced a pressure perturbation leading to 
accelerated flow into St. Louis and hence convergence. Ackerman (1978) also 
found enhanced convergence lending to persistent updrafts over St. Louis on 
clear and pre-rain days in light and strong wind conditions. The essence of 
these observations have also been simulated by numerical models by Vukovich 
et al.,(1976) and Vukovich and Dunn (1978) 
Although one might suppose that since under certain conditions cities 
might induce an urban circulation and hence influence convective cloud and 
precipitation system, it is not at all obvious that this will actually occur. 
Evidence of enhanced frequency of the occurrence of first radar echoes over 
urban as compared to rural areas has been reported by Braham and Dungey (1978). 
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Indirect evidence of possible urban enhancement of rain storms has been 
reported by Huff and Vogel (1978) and of possible influence on more severe 
storms by Changnon (1978). More direct evidence has been reported by Braham 
and Wilson (1978). They found that apparently there was a substantial 
increase in the frequency of taller echoes over and downwind of St. Louis as 
compared to the rural surroundings. This suggest an urban enhancement of 
convection. 
Although the bulk of the evidence points toward an urban enhancement of 
convection, the link between the urban induced circulation and possible 
effects upon convective storms is not unequivocally established. For one 
thing, the possible effects of topograph are unclear and, in fact, may be 
responsible for some of what appears as urban-rural differences. Secondly, 
plausible arguments can be constructed which suggest that cities might be 
harmful to convective storms as, for example, by reducing available moisture 
as found by Sisterson and Dirks (1978). 
Therefore, the objective of this study is to investigate possible urban 
influence on convective storms in a different large city. By at least 
changing the topographical setting, it is hoped that light will be shed upon 
the validity of previous conclusions and that any connection between urban 
circulation and convective storms will be elucidated. 
The main data source for this investigation is a non-Dopplerized 10 cm 
wavelength radar. In addition limited surface data is provided by six 
stations within and near the Chicago metropolitan area as well as by ten 
stations in Iowa, Wisconsin, Illinois, Michigan, and Indiana (Fig. 1). With 
the limited network it is not possible to conduct detailed analyses of winds, 
but it does permit the crude identification of an urban heat island and the 
presence of the Lake Michigan breeze. Thus, by necessity this analysis will 
deal almost exclusively with radar observations of the characteristics of 
convective storms. However, some discussion in terms of the surface data will 
be presented. 
In addition because of the large quantity of radar and limited resources, 
no attempt has been made to analyze several summers worth of data. Rather the 
effort has been directed toward two days of data. As a result statisitical 
validation will be lacking. However, the findings will suggest routes of 
future research. 
Data and Data Reduction 
The HOT radar is owned and operated by the Illinois State Water Survey. 
It has a circular beam of about 1.5° and operates at a wavelength of 10 cm. 
During the summers of 1976-1979 it has been operating in the Chicago 
Metropolitan Area as part of CHAP (Chicago Area Project). The radar routinely 
scanned from .5° elevation angle to the top of any precipitation usually 
within about 3 minutes. 
Although radar can collect measurements over the entire depth of the 
storms, this, ironically, yields a cumbersome quantity of information, if data 
spanning more than few hours is to be considered. Because of limited computer 
Figure 1. Map showing the surface stations used in this study. The box 
in the vicinity of Chicago defines the area covered by the 
grid used in processing the radar data. 
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resources of METROMEX II, a method had to be found for extracting the 
significant information for three dimensions and saving this information in 
two dimensions. These data could then subsequently be processed and analyzed 
at much less expense than could be achieved by processing all measurements in 
three dimensions. 
This has been achieved in the following manner. A grid of about 3000 
columns extending from the ground to infinity was established over the Chicago 
metropolitan area (Fig. 2). For each execution of a radar scanning sequence, 
the program keeps track of a number of variables for each of these columns; at 
the completion of the volume scan, this information is packed and stored on 
tape. Among the stored variables are minimum and maximum echo height, height 
of the maximum reflectivity found in each column, and the value of the maximum 
reflectivity. This latter quantity was found to be very useful in identifying 
convective cells, especially when used in conjunction with the maximum echo 
height. 
The output from this program is then used by a second program which can: 
a) produce printed plots of selected variables for each volume scan, b) 
produce printed plots of the value of selected parameters averaged over an 
entire period of observation, or c) produce printed plots of the extrema of 
certain variables over an entire period of observation. 
Once the radar data is processed in this manner, it is necessary to 
identify and track individual precipitation echoes. This is done entirely by 
hand by inspection of the maps of the maximum reflectivity factor. Echoes are 
defined as local reflectivity maxima persisting for at least two scans (6 
minutes). Echoes are further classified according to whether or not the 
reflectivity factor reached 50 dBZ or more sometime during the period when the 
echo is identifiable. Although the particular value of the reflectivity 
factor is arbitrary, this represents an attempt to select those echoes 
associated with what is likely to be stronger convection. The motivation for 
this lies in the observations presented by Changnon (1978) and Huff and Vogel 
(1978) which suggest that urban areas seem to more strongly affect the more 
intense convective storms. 
Finally, certain characteristics of the echoes are discussed according to 
whether or not they are probably more influence by the rural, urban, or lake 
environment. This is a difficult task at best since the environment might 
affect storms through the microphysics of precipitation formation as well as 
through dynamical differences induced by topography and surface 
characteristics of the terrain. Fortunately, on the two days discussed below, 
the storms predominately stayed within one of the three regimes. However, 
there is an ambiguity with regard to echoes forming over the lake since, as we 
shall see, the source of their inflow was probably off of urban areas. An 
inspection of data, which will also be discussed below, indicated that the 
characteristics of echoes over Lake Michigan were distinctly different, in an 
average sense, from those over the urban area. Therefore, lake echoes were 
classified according to point or origin. Figure 2 illustrates these three 
regimes; the dashed lines enclose the urban region (excluding Lake Michigan) 
with the remaining area being rural and lake. The urban region contains 
almost all of the significant population and industrial centers in the Chicago 
Figure 2. An expanded view of the radar grid (solid lines). The region 
bounded by the dashed lines and the intersecting shoreline is 
defined as urban. The remaining land area is considered to be 
rural while that area over Lake Michigan is referred to as the 
lake region in the text. Note the location of the HOT radar 
on the southern most radar grid boundary. 
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Metropolitan Area. It should be noted, however, that just as echoes over the 
lake are probably urban influenced to some unknown degree, those over the 
urban area may actually be initiated or influenced by the lake breeze. Thus 
any classification scheme is going to have ambiguities in the complex 
situation of the Chicago area. 
Synoptic Description 
In many respects, there was a great deal of similarity in the synoptic 
conditions on the two days under study, 17 June 1977 and 8 July 1977. On both 
days a weak surface trough, associated with an ill-defined front, was creeping 
eastward through the Chicago area in the late afternoon. On both days the 
surface winds were from the southwest at 5-10 miles per hour with afternoon 
temperatures reaching the upper 80's and lower 90's and dew point temperatures 
in the 60's to low 70's. Apparent heat islands formed over the urban area 
(Fig.s 3a and 4a), and in response a lake breeze developed and began moving 
inland by 1600 CDT on 7 June. No lake breeze was detected on 8 July. In 
addition to the synoptic trough, a mesolow, perhaps associated with the 
apparent heat island but also possibly linked more to the synoptic features, 
could be found around southern Lake Michigan (Fig. 3b and 4a). The complexity 
of these situations should be remembered when interpreting data about the 
locations of echo origins to be presented later. 
Since no atmospheric sounds in the immediate Chicago were available, 
soundings at 0700 CDT from Peoria are shown in Figs. 5 and 6. It is not 
possible to say how accurately they may be taken to represent conditions in 
the Chicago area, but Peoria is upstream at least with regard to the lower 
level winds. In the lowest level of the soundings, i.e., below the nocturnal 
inversion, it has been assumed that an ascending parcel will follow a dry 
adiabatic lapse rate as might be anticipated to exist in the summertime 
boundary layer at mid-day. This sounding for 17 June (Fig. 5) shows that the 
lifted condensation level would be found at 1.2 Km (AGL), but that the air 
would have to rise another .5 Km to reach the level of free convection. After 
that point, however, a parcel of air would be unstable up to the 
stratosphere. The abundant quantity of moisture up to 7.2 Km should be noted. 
The sounding for 8 July is somewhat similar to that of 17 June with the 
lifted condensation level at 1.2 Km and the level of free convection at 2.4 
Km. However, the moisture was confined to a much shallow layer extending only 
up to 1.5 Km. 
The point which should be remembered is that on both days the air would 
have to be lifted in some manner from between 1.75 to 2.4 Km in order for free 
convection to be established. Ackerman (1978) and Kropfli and Kohn (1978) 
found the thermal plume, which they associated with the city, frequently 
extended to 1.5 Km and higher. Similarly, the convection found in conjunction 
with the presence of a lake breeze often extends up to 1.0-1.5 Km (e.g., 1972; 
Keen and Lyons, 1978) and up to 2 Km as modeled by Moroz (1967). Thus it 
appears that there are two possible mechanisms in the Chicago area on both 
days which could provide the necessary lift to the level of free convection. 
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Figure 3. Panel for 17 June 1977 showing the evolution of the large scale 
temperature (dashed lines), pressure field (solid lines), and 
radar echo patterns (shaded regions) derived from a composite 
of radar data. The Marseilles radar in Illinois is indicated 
by the cross. 
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Figure 4. Panel for 8 July 1977 showing the evolution of the large scale 
temperature (dashed lines), pressure field (solid lines), and 
radar echo patterns (shaded regions) derived from a composite 
of radar data. The Marseilles radar in Illinois is indicated 
by the cross. 
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Figure 5. Rawinsonde sounding at Peoria, Illinois made at 0700 CDT (1200Z) 
17 June 1977. The lifted condensation level (LCL) and level of 
free convection (LFC) are indicated. T denotes the temperature 
of the atmosphere, Td the dewpoint temperature, and s the 
temperature of the wet adiabate corresponding to that of a 
moist ascending parcel from the surface. 
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Figure 6. Rawinsonde sounding at Peoria, Illinois, made at 0700 CDT (1200Z) 
8 July 1977. The lifted condensation level (LCL) and level of 
free convection (LFC) are indicated. T denotes the temperature 
of the atmosphere, Td the dewpoint temperature, and s the 
temperature of the wet adiabate corresponding to that of a 
moist ascending parcel from the surface. 
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General Description of the Evolution of Convective Activity 
a) 17 July 1977 
Radar operations began at about 1545 CDT when echoes were already 
developing over Chicago. The largest echoes of the day, however, began to 
form at about 1615 in the western suburbs. These drifted to the northwest and 
persisted until about 1730. Activity was then pretty much contained to the 
northern portion of the radar grid area until about 1900. At that time an 
area of new echoes developed in the western and southern portion of the urban 
area. During the time from 1600 until 1900 it appeared that there was a lake 
breeze which moved from within a few kilometers of the shore to as much as 10 
to 12 Km inland. This area of echoes persited and moved off-shore until it 
moved off of the radar grid at about 2115. In the meantime a line of weak 
echoes which appeared to be associated with the synoptic frontal trough had 
entered the western edge of the radar grid at about 1930. With the passage of 
this line through the grid by 2145 all convective activity in the Chicago area 
ceased. Figure 7a provides a rough measure of where echoes were most 
frequently found on this day. It is interesting to note that the highest echo 
frequency seems to be rooted in the western and southern urban area. This 
will be discussed in further detail in a later section. 
b) 8 July 1977 
The starting time of the data analysis is 1545 CDT. At this time a band 
of broken echoes extended across northern Illinois. Echoes to the north and 
northwest of the Chicago Metropolitan area were approaching the city. As this 
area approached, new cells developed in the northern and western urban areas 
at 1600. As the band moved through the city (between 1650 and 1900) new cells 
formed on the western portion of the band in the western urban area while the 
portion of band pasing over the city disintegrated. To some extent this 
pattern is illustrated in the diagram of echo frequency on this day (Fig. 
7b). Also notice the frequency maximum over Lake Michigan. It should be 
mentioned that no lake breeze could be detected on this day. However, by 1600 
CDT there was outflow off of the lake from thunderstorms over the lake. 
Surface observations indicate that this outflow may have had some impact on 
the decay of the band passing over the city while leading to increased 
activity in the western urban area, possibly the location of enhanced 
convergence along the gust front. However, the data is not sufficient to 
definitely establish this speculation. 
Echo Characteristics 
a) Location of echo initiation 
As mentioned previously, an echo is defined as a local reflectivity 
maximum persisting for at least two radar scan cycles. Given the resolution 
of our grid (2 Km), reflectivity structure smaller than that dimension will be 
considered to be fluctuations. Thus some small echoes will be missed. 
However, still remaining are about 145 echoes on 17 June and 136 on 8 July. 
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Figure 7. (a) Display of the echo frequency distribution over the radar 
grid for 17 June 1977 as expressed by the ratio of the percentage 
of the total volume scans in which echo was located at each grid 
point. 146 volume scans were used in constructing this plot. 
The radar is located on the southern most grid boundary. 
(b) Similar to Figure 7a except data is from 8 July 1977. The 
shaded are denotes frequencies of at least 0.50. 
-65-
The initial echo location is defined by tracing back in time to the first 
discernible echo. Since the reflectivity factor threshold was 26 dBZ, the 
minimum reflectivity which would describe an initial echo would be that 
threshold. A reflectivity factor of 26 dBZ is probably due to precipitation 
particles; hence, the location of initial convection must be somewhat upstream 
of the initial echo location. 
The initial locations of 191 echoes are presented in Fig. 8a. This number 
is smaller than the total number of echoes since only those with initial 
reflectivity factors less than 40 dBZ were included in order to reduce the 
distance of separation between the origin of convection and that first echo 
detection. That is, echoes with reflectivity factors larger than 40 dBZ are 
probably well into their mature life cycle, and it is likely that they have 
drifted far from their point of origin. 
Figure 8a shows no particularly strong pattern in the distribution of 
initial locations. It does appear that more initial locations are found in 
and downwind of the urban area. In particular 86 initial locations were found 
in the urban area, 63 over the lake, 42 over the rural regions. When these 
numbers are normalized to the areal extent of the urban region, they become 
86, 85, and 38. Thus, these normalized numbers are about equal over the lake 
(generally downwind of the city) and urban regions but are considerably 
smaller over the rural area. Although it is tempting to conclude that this is 
clear evidence of an urban effect, one cannot ignore the strong role played by 
the lake breeze (at least on 17 June) nor the presence of the mesolow found at 
the southern end of Lake Michigan. Although this mesolow may be urban 
connected, its intensity suggests that its origin is more dynamically related 
to the synoptic scales. In fact, even long after the demise of the urban heat 
island, the low is still present, having moved several kilometers eastward 
away from the city, the same direction as the motion of the synoptic features. 
Figure 8b is a plot of the initial locations of those echoes which 
exhibited a reflectivity factor greater than or equal to 50 dBZ sometime 
during the period when the echoes could be identified. This restriction is 
designed to identify what is likely to be the echoes associated with stronger 
convection. A pattern similar to that of Fig. 8a again emerges with most of 
these initial locations occurring in and east of the urban region. The 
numbers confirm this conclusion with the urban, lake, and rural having 31, 31, 
and 15 points, respectively. (31, 47, 14 using the same normalization as 
above). Again caution must be used in interpreting this figure for the 
reasons mentioned above. In addition, this data is extracted from only two 
days worth of data. It would be interesting to consider a much larger sample. 
A point worth noting is the large number of the 'stronger' echoes 
originating over the lake even though the lake temperatures are only in the 
low 50's (OF). Although many of the initiation locations are downwind of 
the urban area (at least with regard to the lowest levels), some appear 
downwind of rural areas as well. This suggests that the inflow into these 
echoes is warm air originating over the land which is driven over the lake by 
the synoptic and mesoscale pressure fields. This air is decoupled from any 
lake influence by the boundary layer of cool air lying immediately above the 
cold lake water. This also suggests that the limitation of the penetration 
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Figure 8. (a) The dots denote the initial echo locations for echoes on both 
17 June 1977 and 8 July 1977. 
(b) Dots indicate the initial echo locations for those echoes 
which achieved a value of at least 50 dBZ. Data is from both 
case study days. 
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distance of storms over the lake during the warm season is primarily governed 
by the extent inflow from the land can penetrate unaltered over the lake. 
Interestingly, the return flow portion of the lake breeze will tend to 
strengthen any synoptic and mesoscale forcing of air over the lake. 
b) Echo tracks 
The tracks of all echoes with reflectivity factors which at some time were 
at least 50 dBZ are illustrated in Fig. 9. Tracks moving in a NE direction 
are from 17 June, while those moving E and SE are from 8 July. 
This figure again demonstrates that many of the echoes originated over the 
urban area. Of those that moved toward the lake many disappeared at the 
shoreline. However, some passed over the shoreline and continued apparently 
unaffected by the lake. Judging from the portion of the total track of those 
echoes continuing out over the lake, it appears that they were younger echoes 
probably maintained by convection rooted in air moving out over the lake from 
the land. On the other hand, those that perished at or near the shoreline 
were apparently older and were probably already decaying. The outflow 
associated with these echoes had probably cutoff inflow from the land, and the 
lake could certainly not supply warm air necessary for maintaining the 
convection. 
In Fig. 9 it appears that most of the longer tracks originated over the 
urban area. However, several tracks of moderate length also developed over 
the lake, although many of these were possibly rooted in air originating over 
the urban area. Unfortunately, many of the echoes both in the rural and lake 
regions moved off of the radar grid. This reduced the sample size of nonurban 
areas significantly so that no meaningful comparison between urban and 
nonurban areas were possible (especially if those echoes traversing more than 
one region are delected from the sample). 
An interesting feature which appears in Fig. 9 is the apparent lack of 
tracks of the 'stronger' echoes in and off-shore of the northern portion of 
the City of Chicago. This is most likely an artifact arising from the limited 
data set at hand. An inspection of the data on these two days suggests that 
this feature may have occurred as a result of precipitation and outflow from 
neighboring echoes which both reduced the urban sensible heat and isolated 
that area from inflow air. Much more data would have to be analyzed to 
convincingly establish this feature. 
c) Summary of sections a and b and relation to previous findings 
If one wished, the data presented in this section could easily be 
interpreted as evidence of urban effect. Clearly most echoes and especially 
the stronger echoes developed in and downwind of the urban area. This finding 
is in agreement with that of Braham and Dungey (1978). There are also 
plausible physical reasons why this might be so. Soundings indicated that 
storms could develop if air near the surface could be raised about 1.5 to 2.5 
Km. It could be argued that the urban plune reported by several investigators 
could have contributed to lifting of this magnitude. It is likely that once 
storms were initiated others would have been able to develop in response 
either through the interaction of outflow of existing storms with the 
surrounding or through the organization of centers of convergence. 
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Figure 9. Echo tracks for the stronger echoes (those reaching 50 dBZ or 
more) on both 17 June 1977 and 8 July 1977. 
-69-
The point to be made is that any urban influence was not the exclusive 
force operating on either of these two days. A lake breeze was found well 
inland on 17 June. The surface position of the breeze front appeared to be 
about 10 to 15 Km to the east of where the first signifcant echoes of the day 
developed. Therefore, it is very likely that the lake breeze played an 
important role in initiating convection especially in light of the model 
results of Moroz (1967) indicating that updrafts associated with the lake 
breeze appear 10 to 18 Km ahead of the surface position of the breeze. This 
is not even a complete description because superposed upon urban and lake 
influences there were synoptic and mesoscale pressure fields which may have 
provided a crucial driving force producing and sustaining an area of 
precipitation for several hours. The case of 8 July, when new echoes 
continued to develop in the apparent absence of a lake breeze and destruction 
of the urban heat island, is probably evidence of this. In addition, the 
formation and persistence of echoes over the lake is also probably evidence of 
this type of forcing. 
In summary of these two sections, it appears that although the capability 
of urban areas of initiate convection cannot be ruled out, the factors 
mentioned above are also operating. The influence of each of these factors 
cannot be separated one from another on either days; any resolution of this 
problem would require an extensive effort involving several case studies and 
more complete meso-meteorological data and analysis. 
The question of possible intensification, alluded to indirectly by the 
discussion concerning the initial locations of the stronger echoes, will be 
more appropriately considered in the following sections. 
d) Reflectivity factor 
Observations to be presented in this and the subsequent section will be 
primarily used to address the question of whether urban area intensify 
convection and convective precipitation as suggested by observations of Braham 
and Wilson (1978), Changnon (1978) and Huff and Vogel (1978). Figure 10a 
shows the areas within the radar grid where reflectivity factors were at least 
50 dBZ sometime during the two case study days. The pattern appears to 
reflect more of the fact that many of the echoes were initiated over the urban 
area and the lake rather than an enhancement of urban echoes versus those over 
the lake or in the northern rural regions. In fact, the largest region of 
coverage by one contour in the urban area can be tracked back to a single 
large pair of echoes initiated in the northwest suburbs of Chicago on 17 
June. An inspection of the data showed that if that pair of echoes were 
removed, the urban areal distribution would appear to be even closer to that 
over the lake. Thus, it appears that using this approach more data would have 
to be processed before a comprison of regional differences could be undertaken. 
A similar remark may be made for data in Fig. 10b showing the locations of 
the peak reflectivity factors exhibited by those echoes attaining a value of 
at least 50 dBZ. Since Huff and Vogel (1978) report increased rain 
intensities and Changnon (1978) reported occurrence of hail over and near the 
city, one would perhaps expect to find more, higher valued maxima of the 
reflectivity factors over urban areas also. Interestingly, Fig. 10b shows 
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Figure 10. (a) Map of the area contained within a 50 dBZ contour sometime 
during 17 June or 8 July 1977. 
(b) Contours indicate the location of the maximum reflectivity 
reached by echoes which attained a value of at least 50 dBZ. 
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that on these two days most of the highest valued maxima were found over the 
urban area. However, one cannot infer that this is evidence of an urban 
effect alone for the reasons discussed in the summary section of the previous 
two sections. Nor should one assume, based upon Fig. 10b, that higher 
reflectivity factors occur with greater frequency over the urban area as 
compared to the city surroundings. Figure 11 presents the frequency 
distribution of the maximum reflectivity factor measured every radar volume 
scan and for every echo attaining 50 dBZ during its existence. Although the 
shape of the distributions should not to be taken too seriously, due to 
sampling limitations, the frequency distributions are essentially identical 
for urban and nonurban echoes. It does suggest that perhaps the analysis of a 
much larger quantity of radar data would provide some statistical credibility 
to Fig. 11. 
An additional method of utilizing the reflectivity factor in searching for 
possible urban intensification is to consider possible effects upon the 
reflectivity factor - height structure of echoes. For example, if convection 
were intensified, one might expect to find higher initial echoes over urban 
area (the assumption being that particles growing into precipitation would be 
carried to higher altitudes before becoming precipitation as compared to 
clouds in the rural surroundings), or, by the same reasoning, that there might 
be a greater frequency of larger values of reflectivity factor at higher 
altitudes in the urban echoes as the results of Braham and Wilson (1978) 
suggest. Agruments could also be phrased in terms of the aerosols found in 
the urban versus rural regions, but that is not the point here. An attempt to 
look at the altitude of initial echoes gave useless results. This arises 
because many of the initial echoes on these two days were embedded within 
extensive areas of reflectivity factor. Because the computer program only 
retains the maximum reflectivity factor within a 2 x 2 Km grid space, an 
initial echo could only be identified when the reflectivity factor of that 
echo exceeded those of the surrounding grid spaces. Thus, the reflectivity 
threshold of detetction varied widely for different initial echoes. 
Physically this means that the 'initial' echoes were in different stages of 
evolution, and that the associated precipitation would extend through widely 
differing depths of the atmosphere. Thus the variance in altitude due to 
detection difficulties apparently obliterated any possible observation of 
systematic differences between urban and nonurban intial echoes. 
However, a study of the frequency of occurrence of particular ranges of 
reflectivity factor as a function of altitude was feasible. Figure 12 
illustrates a distribution of the maximum reflectivity factor measured for 
each radar scanning sequence for all echoes with measured reflectivity factors 
at least reaching 50 dBZ sometime during the lifetime of the echo. Rural and 
lake echoes have been combined not because lake echoes may not be affected by 
the urban region but rather because the rural sample was too small for 
meaningful comparisons. As a result the distribution labeled rural and lake 
mostly reflects the distribution of those echoes over the lake. In any event, 
even though lake echoes may be urban influenced, there is an apparent 
difference in the urban and nonurban distributions. The peak frequency for 
urban echoes appears to be between 5 to 6 Km (AGL) and at reflectivity values 
between 46 and 55 dBZ. On the other hand, the nonurban echoes show a 
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Figure 11. Frequency of occurrence of the reflectivity factor maximum 
determined for each echo for each volume scan by the radar 
for the stronger echoes (those which reach a value of 50 dBZ 
or more sometime during their existence). 
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Figure 12. The frequency distribution of reflectivity factor maxima (see 
legend of Figure 11) as a function of height and reflectivity 
class. 
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frequency maximum at 3-4 Km with a secondary maximum at 5-6 Km; the range of 
reflectivity values at which these maxima occur, however, is the same as for 
the urban distribution. This difference is even more apparent when one 
investigates the distribution of the absolute peak reflectivity factor for 
each echo as a function of height (Fig. 13). On these two days there is an 
obvious difference between the urban and nonurban distributions with the peak 
reflectivity factors over urban areas occurring about two kilometers higher 
than those of the nonurban echoes. In addition, although the highest 
altitudes indicated in Fig. 13 suggest that urban echoes do not extend as high 
as nonurban echoes, that is not really the case since no echoes over the lake 
ever reached 8 Km while those over the rural and urban area exceeded a height 
of 9 Km. Again, it must be cautioned that these findings should not have 
their significance extrapolated beyond the statistical significance implied by 
only two case study days. The results do suggest, however, the further data 
processing along these lines appears to be justified. 
e) Echo top heights 
Braham and Wilson (1978) found evidence of the urban environment 
apparently enhancing the development of taller echoes in and downwind of the 
city. With a data base of only two days, it is not possible to produce 
statistically meaningful results. This is confirmed by an inspection of Figs. 
14 and 15. On 17 June the highest echoes were found in the urban area. 
However, these were due only to one pair of echoes. On 8 July the tallest 
echoes were located in the northwest rural areas with very few tall echoes 
over the city or lake. 
f) Summary of section d and e 
These analyses of radar reflectivity and echo heights yielded some 
evidence consistent with urban effect hypotheses. The most striking is the 
difference in the frequency distributions of reflectivity factor as a function 
of height which, at least on these two days, showed distinct differences 
between urban and nonurban echoes. Whether this result is meaningful is not 
known and would require the analysis of much more data in order to establish 
its validity. In fact, there is a general requirement to establish 
statistical validity utilizing the data analysis methods presented above, and 
it appears that is is difficult, if not impossible, to detect totally 
convincing signs of convective intensification using a limited case study 
approach such as this. 
Summary and Conclusions 
Data collected as part of CHAP (Chicago Area Project) on 17 June and 8 
July 1977 have been analyzed. The primary source of data was the HOT radar 
operated by the Illinois State Water Survey near Joliet, Illinois. 
Suplementary surface meteorological observations were provided by six stations 
within and near the City of Chicago as well as 10 other stations location in 
Illinois and neighboring states. 
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Figure 13. Frequency distribution of the absolute maxima value of the 
reflectivity factor of the stronger cells as a function of 
height above ground. 
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Figure 14. Display of the maximum echo heights on (a) 17 June 1977 and (b) 
8 July 1977. The outer contour corresponds to 10 Km height with 
each successive contour level representing an increment of 2 Km. 
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The large quantity of radar data was reduced to a more manageable size by 
selecting a number of important parameters which were measured (for each radar 
volume can sequence) and stored at points separated by 2 Km on a 90 Km x 140 
Km Cartesian grid. Output from this program can be used to produce printed 
plots of (a) these selected variables, (b) average values of these variables 
and (c) extremas of selected variables over an entire period of observation. 
The product from this second program was used to define and track echoes 
in time and space. An analysis of echo origins and tracks revealed that often 
storms originated in the urban areas, especially evident in the data from 17 
June. Because of the conditional instability of the atmosphere on that day, 
moderate lifting produced in a thermal plume of an urban heat island (which 
existed on both days) could have easily triggered convective activity. 
However, an inspection of the surface meteorological data revealed that at the 
time storms were initiated, a lake breeze front was located inland in such a 
position that the associated updraft could also have easily triggered the 
convective activity. In addition the situation was further complicated by the 
presence of a meslow on both days. This low was located over southern Lake 
Michigan; it appeared to be more related to synoptic scale features than an 
urban heat island because of its continued existence long after the 
disappearance of the urban heat island and the fact that it drifted eastward 
along with the synoptic features. 
Reflectivity factor characteristics and echo top heights were also 
investigated. Among several parameters, a few showed possible urban 
influence. First, the location and magnitude of the reflectivity maxima of 
stronger echoes (those reaching at least 50 dBZ sometime during their 
existence) were determined. On these two days most echoes maximized in and 
east of the urban area; however, this was probably only a reflection of the 
fact that most echoes formed there, as discussed above. Perhaps more 
significantly, echoes which achieved values of 60 dBZ or more all occurred 
within the urban confines. Whether this is, in fact, a possible indication of 
urban intensification of convection must await further data analyses. 
Secondly, an apparent difference in the frequency distributions of 
reflectivity factor as functions as height between urban and nonurban echoes 
was found. Urban echoes seemed to frequently produce more peak reflectivity 
values at heights as much as two kilometers higher than was common with 
nonurban echoes. Although this may indicate possible urban intensification of 
convection, the finding may be more of an indication of possible lake 
influence on convection since most echoes in the nonurban category were over 
the lake. Nevertheless, the results are sufficiently suggestive that further 
analyses would be warrented. 
In brief, then, no piece of radar which unambiguously indicated urban 
influence cloud be found. This is not surprising in light of the complexity 
of the interactions of phenomena of vastly different scales and intensity 
which are involved in convective storms, indeed this conclusion is consistent 
with the results of METROMEX in which findings often arose only by 
consideration of vast quantities of data. On the other hand these case 
studies do provide some direction to the further analysis of large radar data 
base. 
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In particular this study has reemphasized the need to analyze several case 
studies. The occurrence and character of convection in the Chicago 
Metropolitan area depends upon several interacting forces such as the presence 
or absence of the lake breeze, urban heat island, a mesolow, or some synoptic 
forcing by, say, a frontal trough. In an attempt to simplify future research, 
it is suggested that cases when only a few of these forces are operating be 
gathered, analyzed, and compared. For example, one might begin by gathering 
all cases when a lake breeze was present. If enough cases are found they 
might be stratified further, depending on, for example, whether a cold front 
was or was not approaching. One could then investigate more carefully when 
and where convective activity was initiated with respect to the urban heat 
island and the location of the lake breeze. Results from this work might then 
be compared to the results based on cases when there was no lake breeze on 
land, but other conditions were about the same (e.g., a front was or was not 
approaching). It seems that this methodolgy offers the only hope of ever 
establishing the relative importance of some of these forces on convective 
activity and convective precipitation in the Chicago Metropolitan Area. 
An interesting finding periferal to the main thrust of this research was 
that many echoes forming over the land passed out over the lake and continued 
to exist for sometime. In addition, several echoes were initiated over the 
lake in spite of the suspected stabilizing influences from the cold water. 
The reason for these phenomena appears to be that the inflow into these storms 
was land derived. The synoptic and mesoscale pressure fields, sometimes 
acting in conjunction with the return flow of the lake breeze, were able to 
drive warm air from the urban area over the relatively cold air near the 
surface of the lake and, in effect, decouple the convection from the lake 
surface. Interestingly, although these storms reached reflectivity factors of 
over 55 dBZ, the highest altitudes of these storms never reached the altitudes 
of those over the land, and the reflectivity structure associated with these 
echoes appears to be somewhat different from echoes over the land. 
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CHICAGO AREA RAINCELL ANALYSES, SUMMER, 1976-1977, AND 
COMPARISON TO St. LOUIS AREA RESULTS 
Donald F. Gatz, Marion B. Busch, and Douglas G. Green 
Introduction 
Analysis of surface raincells at St. Louis, and in particular the 
comparison of the characteristics of cells that were potentially affected by 
the city (treated) with unaffected (control) cells, was one of the techniques 
used to investigate the urban rainfall anomaly at St. Louis (Schickedanz, 
1978). A parallel analysis of summer rainfall data at Chicago, yielded 
results on raincells in that area, and these were compared with those from the 
St. Louis area. The main purposes of the study were to use surface raincells; 
1) to describe the characteristics of a possible urban influence on 
rainfall at Chicago, 
2) to suggest the cause(s) of this influence, and 
3) to examine whether raincell relationships found at St. Louis also 
occurred at Chicago. 
If reasonable raincell relationships existed, perhaps some general 
relationships might be identified that would allow prediction of urban 
precipitation effects at other cities. 
The Raincell Approach: Definitions and Procedures 
This section presents some fundamental matters concerning raincell 
analyses. These include the rationale, the analytical methods used, and some 
statistical and design considerations. The brief discussions presented here 
are adequate for the completeness of the present report but the reader is 
urged to consult earlier papers by Schickedanz (1974, 1978) for more detailed 
discussions. 
Rationale. The raincell study unit is based on the concept of a 
convective cell as a basic component of shower or thunderstorm rainfall, and 
dates from the early observations of the Thunderstorm Project (Byers and 
Braham, 1949). A storm ordinarily is composed of many such entities during 
its existence, and each individual cell has its own life cycle, consisting of 
three general stages: updraft, mature, and dissipating. Cells are 
identifiable on recording weighing raingage charts as individual periods of 
rapid rainfall accumulation, or rainfall rate peaks. 
The underlying assumption of raincell analysis in both the St. Louis and 
Chicago areas (Schickedanz, 1978) was that statistically-significant changes 
that occur in surface raincell parameters in the vicinity of urban-industrial 
areas reflect changes induced in the clouds aloft by city or industrial 
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emissions, whether heat, moisture, or pollutants. In St. Louis, a broad range 
of raincell parameters was investigated. Only the one that normally proved 
most sensitive to differences between "treated" and "control" cells, the total 
amount of rainfall from the cell, was evaluated at Chicago. Further, since 
the St. Louis results showed that the urban rainfall anomaly was found 
principally in the heavier rains (Changnon et al., 1977), only storms 
producing at least 25 mm of rain at one or more gages were included in the 
analyses. There were 45 such storms, out of a total of 182, during the two 
summers. 
Analytical Methods. For the purposes of these analyses, a raincell is 
defined (Schickedanz, 1978) as follows. "A raincell in a multicellular 
system is a closed isohyetal entity within the overall enveloping isohyet of 
the rain-producing system; that is, it defines an isolated area of 
significantly greater rainfall intensity than the system-enveloping isohyet. 
When raincells develop apart from a multicellular storm system, the 
system-enveloping isohyet will not be present, and the single cell is uniquely 
defined by the separation between rain and no rain." 
Raincell analysis was performed on rainfall data collected by 195 gages in 
the greater Chicago area. A map of the raingage network is shown in Figure 
1. The total area of the network was 8165 km2,. Gages were arranged in 
areas of two distinct grid spacings. Over the greater portion of the network 
the gages were arranged on approximately a square grid, 4.8 km apart. Each of 
these gages represented 23 km2. For the remainder of the network a square 
grid of approximately 14.4 km spacing was used. In these areas each gage 
represented 207 km2. Because of difficulties in comparing raincells 
measured by networks of varying density, and because the 4.8 km grid was the 
same as that used at St. Louis, only cells measured in the more dense portion 
of the network were analyzed in this effort. 
Identification of raincells required the following steps. First 
accumulated precipitation amounts were read from weighing raingage charts and 
digital values recorded on magnetic tape using an Autotrol Model 3400 X-Y 
Digitizer. These data were then computer-processed to produce plotted charts 
of 5 min rainfall amounts. Raincells were identified on each chart in a 
semi-objective manner using the definition given earlier and a number of 
practical restrictions developed through experience in working with the data. 
(For details, see Schickedanz, 1978). 
For each raincell identified, a number of cell parameters, (rainfall 
volume, mean rainfall, per gage, area covered, duration, maximum rain per 5 
min period, maximum area in any 5 min period, path length, mean velocity, 
maximum rainfall at any gage, and minimum rainfall at any gage) were measured 
and appended to the data set. As mentioned earlier, in this study only the 
rainfall volume (total amount of rain from the cell) was used in comparisons 
between "treatment" and "control" areas. 
Statistical and Design Considerations. As discussed by Schickedanz 
(1978), a number of practical considerations involved in research on 
inadvertent weather modification made it impossible to apply a rigorous 
statistical test of hypothesis. 
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Figure 1. Map of Chicago area raingage network, showing treatment area and 
subareas. 
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First, the "treatment" - the physical mechanism(s) by which the city 
affects precipitation - was probably not applied in a random way to rain 
systems. Second, these physical mechanisms are not well understood, so it was 
impossible to know when or where the "treatment" was being applied, and to 
what degree. These difficulties eliminated the usual treatment vs 
non-treatment (seeded vs non-seeded) comparisons that are used in evaluation 
of planned weather modification. Further, they required that certain 
assumptions be made regarding the possible physical treatment mechanisms by 
which the urban area affects precipitation, so that treatment and control 
areas could be established. 
Thus, the basic approach was one of "data analysis", as opposed to 
rigorous statistical testing, and again at Chicago, as at St. Louis, it 
proceeded largely on the basis of a great deal of "approximate" knowledge. 
(See the discussion of the practical merits of such an approach by Tukey, 
(1962)). 
Designation of Treatment and Control Cells. In St. Louis (Schickedanz, 
1978), the locations of sources of the suspected "treatment agents" heat, 
cloud condensation nuclei, and airflow convergence resulting from urban 
surface roughness, lead to the selection of three treatment, or "effect" 
areas. These areas were 1) the St. Louis metropolitan area, 2) the Wood River 
area, including steel mills and refineries, and 3) the St. Louis industrial 
area, a subset of the 1st. 
Two regions suspected of providing similar treatments to cloud systems by 
natural processes were also evaluated at St. Louis. These were 4) a hilly 
area in the southwestern portion of the METROMEX raingage network, suspected 
of possible topographic influences, and 5) the Mississippi-Missouri River 
bottomlands, in the northern part of the network, suspected of being a strong 
moisture source. 
Auer (1978) has recently shown evidence that land use parameters can be 
used as a convenient index of urban effects on weather at St. Louis. This 
conclusion influenced us to choose an area of potential urban effect on 
precipitation at Chicago on the basis of density of land development. The 
land use density data used to select the potential treatment area, shown in 
Figure 1, were obtained by Corbin (1978) from Landsat satellite data. The 
area chosen has at least 15.62% high intensity developed land. High intensity 
developed land (HIDL) is defined as acreage having spectal properties 
characteristic of intensively built-up, heavily urbanized, or paved-over 
land. It is typically highly reflective of visible red light and only 
slightly reflective of infrared, due to lack of vegetation. 
The treatment area is composed of 4 sub-areas, labeled A, B, C and D. 
Area A is a commerical-industrial area and is characterized by ≥ 62.5% of 
HIDL. Area B is mixed industrial, commerical, and residential, with 31.25% ≤ 
HIDL < 62.5%. Area C includes suburban areas having 15.62% ≤ HIDL < 31.25%. 
Area D is primarly industrial, including steel mills, refineries, and chemical 
plants. Interpretation of land use and cloud-rain changes at St. Louis 
indicates that a continguous area of ≥ 30% HIDL has an important influence on 
cloud and rain processes (Changnon, 1979). 
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The control area was chosen as the remaining area of 4.8 km grid spacing 
in the raingage network. It included land having mostly less than 3.13% HIDL 
except for a few locations around the perimeter of Area II, where some areas 
of up to 15.62% HIDL were located. 
As at St. Louis, all raincells that occurred in (i.e., developed in or 
entered) the area of potential treatment were designated treated cells. Cells 
that never occurred in the treatment area were designated control cells. 
We have been discussing similarities in the raincell analyses at Chicago 
and St. Louis. However, there are important differences in the data sets that 
must also be mentioned. The most obvious physical difference between the St. 
Louis and Chicago areas is the presence of Lake Michigan. Indeed, a major 
objective of this research project was to evaluate effects on precipitation at 
Chicago for comparison with the "simpler" physiographic situation at St. 
Louis, and to see whether relationships between the city and its precipitation 
discovered at St. Louis also apply at Chicago, where the lake is a potential 
influence. 
However, the presence of the lake caused at least one important difference 
in the Chicago precipitation data set. Obviously, it meant that precipitation 
could not be measured east of Chicago. This is very significant, because the 
St. Louis precipitation anomaly was found to be located some distance 
northeast of the city itself. Another striking difference in the Chicago 
data, related to the presence of the lake, concerns the shape of the raingage 
network. It was designed to cover the entire Chicago area, some upwind rural 
areas for control measurements, and the downwind areas of Indiana, including 
La Porte, and Michigan. This resulted in a network having a large 
perimeter-to-area ratio, compared to that of the circular network at St. 
Louis. This means that we may expect a smaller fraction of the observed 
raincells at Chicago to be completely contained within the network (i.e., 
never occurring at a gage along the perimeter) than at St. Louis. 
Importantly, more than 25% of the gages within the treatment area were along 
the lake front portion of the network perimeter. Nevertheless, since the St. 
Louis raincell analyses were based only on complete cells, only complete cells 
was used for the Chicago raincell analyses. The following section on results 
begins by showing some effects of the decision to evaluate only complete cells. 
Results 
Two important issues in assessing the significance of the results to be 
presented are 1) the sample size, i.e., the number of cells in treatment and 
control areas, and 2) the representativeness of the data. 
Table 1 shows sample sizes in the control and treatment areas by month for 
the years 1976 and 1977 separately and combined. It is apparent from this 
table that control cells made up more than 75% of the total cells, and June 
had the most cells, in both treatment and control areas. Because of the 
limited number of treatment cells in individual months, all comparisons will 
be based on the combined data for the two years. Even so, the differences 
between years are sufficiently great that the 2-year sample is inadequate to 
yield reliable results in many instances. 
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Table 1. Number of raincells by month in treatment 
and control areas at Chicago, 1976-1977. 
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From the definition of a raincell given earlier, it is clear that 
raincells represent some fraction of the total rain in a given storm, or at a 
given gage. The fraction of the total rain represented by complete cells is 
even less, of course. The distribution of the total 1976-1977 summer rainfall 
that occurred from complete raincells is shown in Figure 2. The values range 
from 0% at the edges of the network, to more than 30% at a few gages in the 
interior of the network. By definition, a cell that touches one of the edge 
gages cannot be a complete cell. This is apparent from the location of the 0 
isopleth in Figure 2. The mean value was 13.7%, with a standard deviation of 
10.3%. At St. Louis (Schickedanz, 1978) complete cells represented 21% of the 
total rainfall over 5 summers. The fraction is lower at Chicago, as expected, 
because of the greater perimeter length per unit area of network. 
Total Cell Rainfall. At St. Louis, total cell rainfall (volume) was found 
to be the most meaningful measure of the differences between treatment and 
control cells, perhaps because it functions as one integrated measure of all 
the other parameters. Thus, mean cell volume was selected as the parameter 
for comparison between treatment and control areas at Chicago. 
Since cell rainfall in treatment areas was compared with that in the 
control area, we assessed the validity of the control sample. This was done 
by comparing the mean control cell rainfall in this study with values measured 
previously in other locations. Braham (1952) reported a mean cell volume of 
12.34 hectare-meters for the Thunderstorm Project in Ohio. Huff and 
Schickedanz measured a mean cell volume of 13.57 hectare-meters in southern 
Illinois. The mean cell volume for control cells at St. Louis (Schickedanz, 
1978) was 11.00 hectare-meters. 
Table 2 shows that the mean cell volume for control cells for 1976 and 
1977 at Chicago was 18.90 hectare-meters. This is 72% greater than the value 
for St. Louis, which undoubtedly reflects the fact that only the heavier 
storms (> 25 mm at one or more gages) were included in the Chicago analysis. 
Later we present comparisons based on various cell stratifications such as 
synoptic type or time of day. We concentrate next, however, on a comparison 
of total cell rainfall in all cells between treatment and control areas, as 
seen in the data for all cells in Table 2. 
The table shows a 2-year increase in mean cell volume in the treatment 
area of 70% over the control area value. This difference, although 
substantial, is smaller than the corresponding 5-year values for the St. 
Louis, St. Louis industrial, and Wood River areas, shown in Table 3. Table 3 
shows the increases in mean cell volume in treatment areas at St. Louis, 
relative to control area values, for each year separately and 5 years combined. 
The 2-year mean cell volume increase of 70% in the Chicago treatment area 
is also smaller than any 2-year combination of data for the St. Louis and St. 
Louis industrial treatment areas, but not for the Wood River area. 
Path Length Effect. A concern in the St. Louis raincell analyses 
(Schickedanz, 1978) was that the restriction to only complete cells caused the 
results to be biased toward St. Louis treatment cells. This bias was 
anticipated because the St. Louis treatment area was in the center of the 
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Figure 2. Distributions of the fraction of total rainfall in complete cells, 
%. 
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Table 2. Comparison of mean cell volume (in hectare-meters) in 
Chicago treatment and control areas, stratified by path 
length, summer, 1976-1977.* 
*n = Number of raincells. Values in parentheses are percent increases of 
mean cell volume in treatment area, relative to corresponding control values. 
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Table 3. Observed increases in mean raincell volume 
in treatment areas at St. Louis, relative to control 
area values, for all cells. 
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raingage network, where it had the greatest opportunity to be traversed by the 
long-path cells, which tend to produce the most rain. Thus, Schickedanz 
(1978) stratified the St. Louis cells by path length, so that cell volume 
comparisons between treatment and control areas could be made only for the 
shorter path length cells, which presumably had greater opportunity to be 
equally "sampled" by both areas. 
For the St. Louis area cells less than 6.4 km, the increases in cell 
volume over controls were 38%, 72%, and 29% for the St. Louis, St. Louis 
industrial, and Wood River treatment areas, respectively. These values rank 
in the same order, but are considerably smaller than the respective values for 
all cells, which were 125%, 211%, and 77%. For cells less than 19.3 km long, 
the values were 91%, 145%, and 39%, for the same respective treatment areas. 
Schickedanz (1978) interpreted these results as showing "that the major 
portion of the increases in rainfall volume can be attributed to factors other 
than biased urban sampling of heavy and long-moving cells." This is perhaps a 
reasonable conclusion from the data. However, the question arises as to 
whether the opposite conclusion would be valid if the length-stratified cells 
showed no increase of cell volume over control in the treatment area. 
One of the possible modes by which cities can affect rain is to increase 
the duration of raincells, and hence their path length or volume. It would 
appear that such a mechanism could change the relative distribution of path 
lengths, such that treatment cells would have a greater percentage of long 
path cells than the control area and an increase over controls in mean cell 
volume for all cells. This need not necessarily cause treatment cells in a 
given path length category to have a larger average cell volume than the 
corresponding control. 
When Chicago area cells were stratified by path length, (Table 2) the 
largest increase in mean cell volume, relative to the control, was 18% for 
6.5-12.8 km cells, whereas the value for all cells was 70%. The explanation 
of this seeming paradox lies in the differing relative frequencies of cells in 
the treatment and control areas. Table 4 shows that the control cells were 
heavily weighted toward short path cells, which, as may be seen in Table 2, 
had smaller mean volumes than the cells with longer paths. The treatment area 
also had a large fraction of cells with paths ≤ 12.8 km, but its relative 
frequency of long-path, high-volume cells was more than double that of the 
control cells. 
This result does not have a clear interpretation. One might claim that 
the data show that the treatment area has a bias because it preferentially 
samples the long-path cells. The alternate interpretation is that one of the 
urban effects on raincells is to extend their lifetime, and hence their path 
length and rain volume. This alternative interpretation requires testing, 
perhaps by examining the path length of cells after they intersect the 
treatment area, relative to those tht intersect an appropriate control area. 
Such a test was not considered necessary in the earlier study at St. Louis, 
and it is uncertain whether 2 years of data from storms ≥ 25 mm at Chicago 
would provide an adequate sample. 
The size of samples in the current data set is a concern in a number of 
the treatment-control comparisons described later. These problems could be 
greatly alleviated by adding the 1978 data to the raincell data set, and by 
including all storms, rather then just heavy ones, for the 1976-1978 period. 
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Table 4. Relative frequencies of cells in the various path 
length categories, for treatment and control areas 
at Chicago, 1976-1977. 
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Synoptic Type Stratification. Results at St. Louis showed a strong 
tendency for inadvertent effects to occur preferentially in precipitation 
associated with squall zones, squall lines, and cold fronts. As a test of the 
potential for using synoptic type as a tool for analysis of urban inadvertent 
effects, Chicago raincells were stratified using the same classification used 
at St. Louis (Vogel, 1974). Comparisons of mean cell volume in treatment and 
control areas for the various synoptic classes are given in Table 5. Note 
that sample size is probably too small for valid comparisons of static fronts, 
warm fronts, and pre-warm fronts. 
In the Chicago control sample, pre-warm fronts, squall lines, and warm 
fronts had the highest mean cell volumes at 25.6, 24.8 and 21.7 
hectare-meters, respectively. Different synoptic conditions had the highest 
mean cell volumes among the control samples at St. Louis, and the values were 
much lower: squall line, 16.1; cold front 11.7, and squall zone, 9.0 
hectare-meters. These differences would appear, again, to be at least in part 
the result of analyzing only the larger storms at Chicago. 
Among the synoptic types having large samples at Chicago, squall zones 
gave the highest percent increases in cell volume (+145%) over controls and 
cold fronts were next highest (+51%). At St. Louis the largest increases over 
controls occurred with squall lines, squall zones, and cold fronts. Thus, the 
stronger convective conditions gave the largest volume increases over controls 
at both Chicago and St. Louis. 
Diurnal Distribution. The diurnal distribution of cell rainfall was 
investigated by stratifying cells according to four time periods, as shown in 
Table 6. At St. Louis this division of the data was made to help ascertain 
different potential influences by the treatment areas. Such information could 
be a clue to the physical mechanisms involved in urban rainfall modification. 
The same rationale for investigating the diurnal distribution was applied at 
Chicago. 
The results are given in Table 6. In both the control and treatment 
areas, the largest mean volumes occurred during the nocturnal periods, 
0001-0600 and 1801-0000. This contrasts sharply to St. Louis, where the 
maximum raincell volume in both control and treatment areas occurred during 
the time of maximum heating, 1201-1800, while the smallest volume of control 
cells occurred during the 0001-0600 period. These results for Chicago 
raincells agree with climatological rainfall data (Huff, 1971) showing a 
nighttime maximum in the diurnal distribution of rainfall in northern Illinois. 
The maximum increase (103%) in cell volume over control occurred in the 
0601-1200 period at Chicago, but increases of more than 50% occurred during 
all four time periods. The maximum increases occurred in the 1201-1800 or 
1801-0000 periods at St. Louis, but there too, substantial increases occurred 
in all periods. 
The factors that cause urban increases in raincell volume thus appear to 
exist through the 24 hours at Chicago, but maximize after daybreak. Since 
this is normally the period of maximum thermal stability, urban thermodynamic 
factors may act to destabilize the normal nocturnal inversion, thus allowing 
the mixing of urban air with cloud systems. 
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Table 5. Comparison of mean raincell volume (in hectare-meters) in 
Chicago treatment and control areas, stratified by synoptic 
type, summer, 1976-1977.* 
*n = Number of raincells. Values in parentheses are percent increases of 
mean cell volume in treatment area, relative to corresponding control values. 
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Table 6. Comparison of mean raincell volume (in hectare-meters) in 
Chicago treatment and control areas stratified by time of 
day, summer, 1976-1977.* 
*n = Number of raincells. Values in parentheses are percent increases of 
mean cell volume in treatment area relative to corresponding control values. 
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Weekend-Weekday Differences. Possible differences between treatment and 
control cells stratified by weekend.or weekday were investigated at Chicago, 
as at St. Louis. Again the reasoning was that any difference found might be a 
clue to the nature of the urban influence on precipitation. 
At St. Louis approximately the same ratio of weekday to weekend mean cell 
volume (~ 1.4) was found in all treatment areas and also in control cells. 
Thus, there was apparently no effect that could be linked to day of the week 
characteristics. 
At Chicago, the results in Table 7 show the opposite result. Although the 
mean volume of control cells was 54% greater on weekdays than weekends, the 
opposite occurred in the treatment area - the mean volume on weekends was 
greater. Mean cell volume in the treatment area exceeded that in the control 
area on weekends as well as weekdays, but the weekend increase was much 
larger, 173%, as opposed to 49% on weekdays. Earlier studies (Huff and 
Changnon, 1970; 1973) using somewhat different potential treatment areas near 
Chicago also found increases in rainfall in treatment areas over control areas 
thoughout the week, with the largest increases occurring on weekends. This 
suggests either an enhancing effect on weekends or a depressing effect on 
weekdays in the treatment areas at Chicago that was not noticed at St. Louis. 
Distribution by Months. Comparison of treatment and control cell volumes 
stratified by month of occurrence is another way of seeking clues to the 
physical nature of the urban influence on precipitation. Results appear in 
Table 8. 
The table shows that the largest number of both treatment and control 
cells occurred in June. The largest mean volume of control cells occurred in 
July. The same was true for St. Louis control cells. 
On the other hand, the largest increases in treatment cell volumes over 
controls at Chicago occurred in June. At St. Louis, the month of greatest 
cell volume increase over the control varied among the several treatment 
areas. The cell volume increase in the St. Louis treatment area was greatest 
in August, that of the St. Louis industrial area was highest in July, and that 
of the Wood River area in June. As in the other stratifications, the 
increases at Chicago were not as large as those at St. Louis. The maximum 
increase at Chicago was 99% (June) while the St. Louis industrial area had a 
271% increase over controls in July. 
The month of maximum increase of cell volume in the Chicago treatment area 
(June) matches that of the Wood River area at St. Louis. The Wood River area 
is relatively small in size, compared to the Chicago treatment area, and 
includes an area of refineries, steel mills, and other industry. The Chicago 
treatment area includes similar industries, but is much larger and contains 
large commercial and residential areas as well. Overall, the St. Louis and 
Chicago monthly distributions do not offer any clues to the nature of the 
urban influence on precipitation. 
Raincell Initiations. The pattern of raincell initiation frequencies 
shows whether there are particular locations where cells preferentially 
begin. Such information would again provide information about the causes of 
. urban influences on precipitation. 
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Table 7. Comparison of mean raincell volume (in hectare-meters) in 
Chicago treatment and control areas stratified by weekdays 
and weekends, summer 1976-1977.* 
*n = Number of raincells. Values in parentheses are percent increases of 
mean cell volume in treatment area, relative to corresponding control values. 
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Table 8. Comparison of mean raincell volume (in hectare-meters) in 
Chicago treatment and control areas stratified by month, 
summer, 1976-1977.* 
*n = Number of raincells. Values in parentheses are percent increases of 
mean cell volume in treatment area, relative to corresponding control values. 
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At St. Louis the 5-summer pattern for complete cells showed two broad 
maxima, 1) from the Mississippi - Missouri River bottomlands across the north 
suburban area to the Wood River - Edwardsville - Granite City region, and 2) 
from the Mississippi River across the southern edge of the metropolitan area 
in Illinois, to Belleville. 
At Chicago, the pattern of complete cell initiations was heavily biased 
by edge effects, so the pattern shown in Figure 3 is for all cells, both 
complete and incomplete. No coherent pattern emerges. Upwind edges are still 
biased toward large values because existing cells first encounter a raingage 
there. However, downwind edges, such as the Chicago lake shore, which show 
edge effects from complete cells, appear reasonably normal in Figure 3. 
Aside from edge effects, values at individual gages fluctuated mostly from 
about 10 initiations over two summers to about 20. There were several areas 
of less than 10 initiations and a few small areas with more than 20, but 
overall the frequency pattern suggested no relationship to land use or major 
heat or pollution sources. 
DISCUSSION 
A number of differences between the raincell analyses at Chicago and St. 
Louis must be considered for an intelligent comparison of results. First, the 
data set at Chicago included only storms that produced at least 25 mm of rain 
at one or more gages, whereas all storms were included in the St. Louis data 
set. The Chicago data set included only two summers, 1976 and 1977, whereas 
the St. Louis data set covered five summers, 1971-1975. 
Also, differences in two aspects of the respective networks are 
important. At St. Louis the city-produced rainfall anomaly was located some 
distance downwind of the main centers of population and/or industry. The 
corresponding location at Chicago is partly over the eastern part of the city, 
but largely over Lake Michigan. Further, any raincells that crossed the lake 
shore boundary of the raingage network were classified as incomplete cells, 
and not included in the raincell data set. Finally, the large 
perimeter-to-area ratio of the Chicago network (relative to the circular 
network at St. Louis) caused a reduction in the fraction of total rain 
represented by complete cells at Chicago (mean = 13.7%), relative to St. Louis 
(mean = 21%). 
The major finding of this study is that, while an increase of 70% in mean 
cell volume was observed in the assumed treatment area, relative to the 
control, this increase mostly disappeared when the data were stratified by 
cell path length. This might suggest that a systematic bias toward sampling 
heavy rain producing long-path cells in the treatment area caused the observed 
treatment-control differences. However, the alternate interpretation that 
urban areas extend the lifetime of cells that pass over them, thus causing 
them to produce more rain than normal, is also viable. Additional study is 
required to resolve this issue. 
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Figure 3. Number of occurrences of both complete and incomplete cell 
initiations at each gage, summer, 1976-1977. 
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The finding that the rainfall anomaly at St. Louis occurred primarily 
during a few synoptic weather types offered a strong hope that such 
relationships, if also observed at other cities, could form the basis for 
predicting urban inadvertent precipitation. This study found that the 
synoptic types associated with more organized and stronger convection had the 
largest increase of cell volume over control at Chicago, just as in St. Louis. 
A major difference between Chicago and St. Louis, and probably not a 
result of sampling bias, occurred in the weekday-weekend stratifications. At 
St. Louis mean volumes of both control and treatment cells were larger on 
weekdays by about 30%. The same trend was observed in control cells at 
Chicago, but the difference was near 50%. However, the opposite trend 
occurred in treatment cells - weekends had larger mean volumes in both 
treatment areas. No bias is likely here because the comparison is of the same 
areas (treatment or control) on different days of the week. The possible bias 
noted earlier occurs in comparisons between treatment and control areas. The 
observed differences could be caused either by enhancement of weekend 
precipitation in treatment areas, or an inhibition of weekday precipitation. 
Stratification of cells by time of day showed causative effects through 
the 24 hour period, with a maximum at Chicago between 0601 and 1200. This may 
be evidence for an urban destabilization of the normal nocturnal inversion. 
In Chicago, as at St. Louis, the largest number of cells occurred in June, 
and the largest mean volume in control cells occurred in July. The maximum 
increase in cell volume over control occurred in June at Chicago, which 
matches the month of the maximum increase in the Wood River area near St. 
Louis. The Chicago and Wood River treatment areas are similar in that both 
include similar kinds of industries, but dissimilar in size, so the 
significance of June as the month of maximum cell volume increase is not 
clear. One would like to be sure that the results are not noise in the data 
set before speculating further. 
The spatial pattern of raincell initiations at Chicago was relatively 
uniform, and did not suggest any relationships between land use and urban 
influence on precipitation. 
SUMMARY AND CONCLUSIONS 
Raincell analyses were carried out for summer 1976 and 1977 at Chicago, 
using techniques developed for and applied to St. Louis data (1971-1975) by 
Schickedanz (1978). The purposes of these analyses were to describe the 
possible urban influence on precipitation at Chicago, and to probe for 
possible causes. 
A difference in mean cell volume of 70% was observed in the assumed 
Chicago treatment area, relative to the control, but either bias or a 
treatment effect could be the cause. 
In general, the Chicago results for all cells and for synoptic type 
support those at St. Louis, with differences in percent change perhaps 
reflecting the two-year versus five-year sampling periods. However, 
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differences in results of the time of day, weekend-weekday, and raincell 
initiation analyses suggest a lesser influence, or different causative factors 
at Chicago. 
This lack of strong conclusions from the Chicago raincell analysis is 
probably the result of the two-year data set used at Chicago, and the 
restriction of the data set to heavy storms. A better comparison to St. 
Louis, and stronger conclusions, would be possible from an analysis of all 
storms in the full 1976-1978 Chicago data set. 
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INVESTIGATION OF POSSIBLE URBAN INFLUENCES ON SUMMER RAINFALL AT 
CHICAGO, AS REVEALED IN RAIN PERIODS OF 1976-1978 
Stanley A. Changnon, Jr. 
Introduction 
A major investigation of the Chicago project has concerned the CAP network 
rainfall patterns from three summers of data, 1976-1978. The goal was to 
investigate groups of rain periods classified identically to those at St. Louis 
for 1971-1975. 
The St. Louis rain period (called storms) results had shown apparent urban 
influences on rain distribution existed under certain synoptic weather conditions, 
with certain motions of the rain and during moderate to heavy rains (Vogel and 
Huff, 1978; Huff and Vogel, 1978). The Chicago study used identical classifications 
of rain events to sort the 1976-1978 rain periods on the network so that the 
transferability of these St. Louis findings to a larger, more complex city could 
be investigated. 
The 1976-1978 study of Chicago area rains with a dense network of 301 gages 
(Fig. 1) also served as a check on the areal distributions of the climatic type 
storm studies (described elsewhere in this report) which were based on many 
fewer raingages. However, the relatively short (3. year) sampling period could 
provide unrepresentative results in certain circumstances, and it cannot be 
considered either an absolute check on earlier findings or to present results 
that can conclusively refute or support the St. Louis findings. The fact that 
many of the 1976-1978 Chicago network results (say for rain periods with ≥1 
inch of rain in the area) are similar to those of the 1950-1975 period is 
encouraging and suggests the recent 3-year sample is representative of longer 
term conditions. 
Analyses 
The Huff and Vogel (1978) results for St. Louis revealed that apparent 
urban-related rain increases occurred when network mean rainfalls and point (rain 
period) maximums were heavy, ≥0.25 inch and ≥1.0 inch, respectively. Hence, 
the CAP network rain periods were sorted and grouped using these and other 
intensity classes. Other St. Louis findings revealed enhancement when rains 
moved in certain directions (SW or NW) and when certain synoptic conditions 
(primarily squall line and cold front) existed (Vogel and Huff, 1978). Hence, 
the Chicago 243 rain periods were also sorted into rain motion and synoptic 
categories. 
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Fig. 1. The land use study areas defined within the Chicago area recording 
raingage network. 
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To eliminate the dominating effect of the few extremely heavy rainstorms 
that occurred in 1976-1978, the 3 periods with maxima ≥6 inches and those 7 
with maxima ≥4 inches were eliminated in certain analyses. Urban influences 
on such storms are considered negligible and these storms dominate the rain 
patterns based on the other 236 rain periods, masking possible urban (and lake) 
influences on rainfall. 
Various statistics for the classes based on the network mean values and 
maximum point values are shown in Table 1. There were 243 rain periods in the 
3 summers. The frequency of rain periods for the four major rain-producing 
synoptic classes is shown in Table 2. Table 3 presents rain period data sorted 
based on the a) motion of the rain, and b) primary rain motions with the two 
synoptic classes (SL and CF) shown at St. Louis to be most influenced by urban 
factors. Only 215 of the 243 had motion; the other 28 were isolated storm 
cells that did not exhibit significant movement. 
It is important to appreciate the areal scales of St. Louis and Chicago 
in comparing results. The distance across the circular St. Louis metropolitan 
area was 35 km; the W-E distance across the Chicago metropolitan area is typically 
40 km and the NW-SE distance is 90 km. Hence, locations of changes in rainfall 
must be considered with reference to these differences. What is "downwind" of 
St. Louis is often in the "city" at Chicago. 
Findings 
Figures 2 through 18 present the 3-year rainfall patterns for a variety of 
classes of rain periods based on rain quantity, motion, and synoptic conditions. 
A major hypothesis to be tested in each is; are there highs or lows in the city 
or in downwind areas, and are these highs indicative of urban influences. 
Figure 2 presents the total rainfall in the 38 periods with network means 
≥0.25 inch and point maximums less than 6 inches. Highs (>65 cm) exist in the 
west rural area, and over the city. Lows are in the north rural area and S and SE 
areas. Urban highs exist but the values and the pattern do not strongly indicate 
urban influences there or beyond the city. 
Figure 3 based on 202 rain periods with means less than 0.25 inch has a 
flat pattern basically dissimilar to that of the heavy rains (Fig. 2). There 
is an area of low (<20 cm) extending E-W across the network's south area (and 
city). Rain was heaviest in the north suburbs and north rural area. No 
indication of urban influences to either increase or decrease rainfall is 
apparent. 
Figure 4 is the rain pattern from 129 periods when the point maximum 
was 0.5 inch or less. The pattern is very flat and no indication of urban 
influences are apparent in these lighter rain situations. 
Figure 5 is based on 109 periods with maximums ≥0.5 inch and ≤4 inches. 
Lows exist over large portions of the rural areas to the north, west, south, 
and southeast of Chicago. The greatest high is in central Chicago (>80 cm) 
and several areas exceed 75 cm. Two rural areas to the west and southwest had 
>75 cm, but the pattern and the urban values >80 cm indicate possible urban 
influences under these heavy rain conditions. The 70-cm isohyet around 
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Table 1. Rain periods in Chicago area sorted by network mean rainfall 
and maximum point rainfall. 
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Table 2. Various rainfall characteristics for four synoptic 
classifications. 
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Table 3. Rainfall characteristics for various directions of rain movement 
with certain synoptic classifications. 
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Fig. 2. Total rainfall (cm) for 38 rain periods with network mean values 
≥0.25 inch (0.64 cm) and point maximums ≤6.0 inches (15.2 cm), 
summers 1976-78. 
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Fig. 3. Total r a i n f a l l (cm) for 202 r a i n per iods with network mean values 
<0.25 inch (0.64 cm), summers 1976-78. 
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Fig. 4. Total rainfall (cm) for 129 rain periods with point maximums ≤0.5 
inch (1.27 cm), summers 1976-78. 
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Fig. 5. Total rainfall (cm) for 109 rain periods with point maximums ≥0.5 
inch (1.27 cm) and ≤4.0 inches (10.2 cm), summers 1976-78. 
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Chicago closely follows the urban boundary. This finding with heavier rainfall 
beginning over the city and becoming greater to the east agrees well with 
St. Louis findings (Changnon et al., 1977). 
Figure 6 reveals the pattern for 68 rain periods when the maximum point 
values were 1 inch or more and less than 4 inches. Lows are present over much 
of the west, north and extreme south portions. Highs (≥65 cm) are present in 
the southwest rural area, in the city, and near La Porte. Urban influences are 
not clearly identifiable. 
Figure 7 presents the pattern based on 136 rain periods which had motions 
from the W, WSW, SW, or SSW. Highs exist in the city and southeast of Chicago, 
indicating possible urban influences. However, other highs exist to the extreme 
north, far west, and southwest of the city, and urban influences are questionable. 
Figure 8 presents the pattern when rain periods moved from the WNW, NW, NNW, 
and N. The highs (>25 cm) and pattern strongly suggest urban increases in the 
city and just downstorm (SE) of the city. 
Figure 9 for rains with motions from the S, SSE, SE, ESE, and E reveals 
a major high downwind (just NW) of Chicago. The pattern is otherwise flat, 
and in general, indicates urban increases beyond the city. Such a small sample 
(9 rains) could be misleading if one rain produced very heavy rain in one area 
(NW of Chicago). Study of the isohyetal patterns of the 9 rain periods revealed 
that the maximum occurred in the northwest area on 6 of the 9 periods, once in 
the west suburbs, and twice in the La Porte area. 
Figure 10 reveals the total rain from squall line rain periods (33 total). 
Major highs (>35 cm) exist in the extreme north, the southwestern area (extending 
into the city's center), and in the La Porte area. Influences on squall line 
rainfall were apparent at St. Louis (Vogel and Huff, 1978), but 10 to 50 km east 
of the city center. Comparable changes at Chicago would exist beyond the 
network and over Lake Michigan. The increase (Fig. 10) at La Porte may reflect 
downwind influences on squall line situations (Changnon, 1968). Later rain 
direction analyses (Figs. 16 and 17) for squall lines help examine the possible 
urban influences. 
Figure 11 is the pattern for 62 squall zone storms. Highs exist in and 
around the city and to the west and southwest. The pattern in general suggests 
urban-related increases in rain. Vogel and Huff (1978) concluded there were no 
urban influences in squall zone rain at St. Louis. 
The cold front pattern (Fig. 12) is a flat pattern with lows over most of 
Chicago and rural areas west, north, and southeast of the city. No urban 
influence is indicated over the city. At St. Louis, Vogel and Huff (1978) 
indicated urban influences on cold front rains with certain motions (SW), but 
these were increases well beyond (east) of the city. If these occur at 
Chicago, the increase would be in Lake Michigan. 
Air mass rain periods (53 total) produce a pattern (Fig. 13) that has low 
values. Localized highs (>1 cm) exist just west of Chicago and near La Porte. 
No urban influences to increase or decrease rainfall seem apparent, a result 
similar to St. Louis. 
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Fig. 6. Total rainfall (cm) for 68 rain periods with point maximums ≥1 inch 
(2.54 cm) and ≤4.0 inches (10.2 cm), summers 1976-78. 
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Fig. 7. Total rainfall (cm) for 136 rain periods that moved from the SSW, SW, 
WSW, or W; summers 1976-78. 
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Fig. 8. Total rainfall (cm) for 70 rain periods that moved from the WNW, NW, 
NNW, or N; summers 1976-78. 
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Fig. 9. Total rainfall (cm) for 9 rain periods that moved from the S, SSE, SE, 
ESE, and E, summers 1976-78. 
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Fig. 10. Total rainfall (cm) for the 33 rain periods produced by squall line 
conditions, summers 1976-78. 
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Fig. 11. Total rainfall (cm) for the 62 rain periods produced by squall zone 
conditions, summers 1976-78. 
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Fig. 12. Total rainfall (cm) for the 41 rain periods produced by cold front 
passages, summers 1976-78. 
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Fig. 13.. Total rainfall (cm) for the 53 rain periods produced by air mass 
conditions, summers 1976-78. 
-122-
Figures 14 and 15 reveal more information about urban influences with 
squall line and squall zone situations. Figure 14, based on the 29 squall 
line rains with maximums less than 4 inches, defines highs (>25 cm) in Chicago 
and the La Porte area. Urban influences are thus suggested. This apparent urban 
change exists when the heavier 4 squall line rains were excluded (compare 
Fig. 14 with Fig. 10). However, in both cases, the highest rains occurred in 
the extreme rural north. 
Figure 15 for all 60 squall zone rains with maximums less than 4 inches, 
which is one less rain period than that storm class pattern seen in figure 11, 
reveals highs over parts of north Chicago. However, much of the urban area does 
not have heavy rain, and urban influences in squall zones appear negligible, as 
in St. Louis. 
Figure 16 is based on the 5 squall line rains that moved from the WNW, NW, 
NNW, and N. Highs exist over the south side of Chicago and in the areas beyond 
(S and SE of the city). The pattern is strongly suggestive of urban influences 
during squall lines with motions to the S and SE. 
Figure 17 for squall line rains with SW motions and maximums less than 4 
inches reveals indications of urban influences over the city and to the SE. 
This is supportive of the Vogel and Huff (1978) findings. However, the high 
in the extreme north (>25 cm) indicates rural values as great as the city values. 
Figure 18, based on the 12 cold front storms with motions from the WNW, NW, 
NNW, and N, shows small highs over and beyond the south side of the city. 
Comparable highs do exist elsewhere and evidence of urban effects is not strong. 
The pattern for the 23 cold front storms moving from the W and SW (Fig. 19) 
shows a low over the city. No urban increases are indicated and decreases are 
more indicative of local influences. 
Figure 20 presents the total rain pattern for the 243 rains of the three 
summers, 1976-1978. The areas of heavy rain partially reflect the 6 very heavy 
rainstorms. The area of heaviest rains (>100 cm) occurred in SW rural area, 
the southern city area, and the La Porte area. The lowest rains fell in three 
rural areas: the north, the west, and northwest suburbs, and the extreme south 
and southeast. The La Porte high is a small one. Basically, the results 
indicate urban influences and are supportive of historical rain patterns based 
on fewer stations. 
An analysis based on the incidence of high and low rain areas in the 
various general land use areas, and for various classifications of rain periods 
was pursued. Following are the resulting interpretations. 
Extreme North and Northwest Rural Areas. Rainfall accumulations here were 
heavy when rain motions were southwest and when light to moderate rains fell 
(maximums <0.6 inch and means <0.25 inch). Synoptic types had no relationship 
with highs and lows found here. Rain was low here when motions were from the 
northwest and when moderately heavy to very heavy rains fell in the network. 
West Rural. An area that was frequented with low rainfall. Lows existed 
here with most synoptic types (SL, CF, AM, and SZ) and with southwest directions 
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Fig. 14. Total rainfall (cm) for the 29 squall line rain periods with point 
maximums ≤4.0 inches (10.2 cm), summers 1976-78. 
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Fig. 15. Total rainfall (cm) for the 60 squall zone rain periods with point 
maximums ≤4.0 inches (10.2 cm), summers 1976-78. 
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Fig. 16. Total rainfall (cm) for the 5 squall line rain periods with motions 
from the WNW, NW, NNW, or N and point maximums ≤4.0 inches (10.2 cm), 
summers 1976-78. 
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Fig. 17. Total rainfall (cm) for the 25 squall line rain periods with motions 
from the SSW, SW, WSW, or W and point maximums ≤4.0 inches (10.2 cm), 
summers 1976-78. 
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Fig. 18. Total rainfall (cm) for the 12 cold front rain periods with motions 
from the WNW, NW, NNW, or N and point maximums ≤4.0 inches (10.2 cm) 
summers 1976-78. 
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Fig. 19. Total rainfall (cm) for the 23 cold front rain periods with motions 
from the SSW, SW, WSW, or W and point maximums ≤4.0 inches (10.2 cm) 
summers 1976-78. 
- 1 2 9 -
Fig. 20. Total summer r a i n f a l l (cm), 1976-78 (243 r a i n p e r i o d s ) . 
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of rain motion. Highs occurred, however, in rain classes where the network point 
maximums (somewhere) were under 6 inches and in the moderate (>0.5 inch) class. 
North Far Suburbs. This area is somewhat unique. The North Suburban area 
had relatively heavy rain when rain motions were southeast; when CF and SZ 
conditions existed; and when network mean rains were light (<0.25 inch). It 
is an area of low rain when squall lines exist, motions are from the southwest, 
and when point and network mean rains are moderate to heavy. Certain 
characteristics (low with SW motion, highs with light rain conditions, synoptic 
outcomes, and SE motion rain high) differ from the extreme north. 
Urban influences are suggested with southeast rain motions and in CF 
conditions. 
Urban. Maximums occurred in the urban area (urban center and dense 
residential) under a variety of conditions, but were generally located in the 
north side and/or south side of the city. In certain circumstances, the highs 
appeared to be an extension of a high southwest of Chicago (SW motion storms). 
The city highs on the south side came with NW or N rain motions, and largely 
with squall line conditions. The highs in the city came also when moderate to 
heavy point and network average rains fell. Lows occurred in Chicago with cold 
fronts and air mass conditions, and when rains were light on the network. 
Urban influences to increase city rain seemed to exist when quite unstable 
(squall line and heavy rain) conditions existed, and were most definable with 
northwest rain motions. 
South Rural Area. Highs occurred here often and were frequently higher 
values (for a given category) than in any other network high. Basically, rain 
is high here when point and network mean amounts were moderate to very heavy. 
The highs also existed under various synoptic conditions (SL, SZ, and CF) and 
particularly when all motions were southwest. The area was low only in light 
rains and those with southeast motions. 
No urban influences existed here. 
Gary-South Central Rural Area. This area had high rain areas with cold 
fronts (any motion), when northwest motions (from city) existed; and when very. 
heavy storms occurred. It was often a low rain area. Lows occurred here with 
SL and AM storms, with SW and SE cell motions, and when network mean rainfall 
was anything but extremely heavy. 
Urban influences appear to exist here when northwest cell motions (and 
especially CF conditions) produce more rain. 
Rural Southeast (La Porte) Area. When highs occurred in this area, they 
tended to be small and isolated. They occurred when network rains (average and 
maximum point) were extremely heavy (a few storms). Highs also occurred when 
cell motions are from the W-SW, and when squall lines, and cold fronts (W motion), 
and air mass conditions existed. 
Lows were prevalent here (even when isolated highs existed) and in most 
situations of moderate to heavy network rains. The lows existed with northwest 
motions (off lake) and squall zone conditions. 
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Urban influences here are not too easily established. If urban effects 
existed, they acted when cells moved from west and southwest and in quite 
unstable (heavy rain, squall line) conditions. 
Summary. A general regional look at the rain patterns (Figs. 2-19) 
suggests the following regional similarities. 
The region north and NW of Chicago had rainfall highs when network mean 
rainfall was low and when cold fronts existed. When cell motions are W, SW, 
or NW, the area had relatively low rain (and in many squall line cases). 
The SW area and City region had rain highs when a) cell motions were 
from southwest, b) network mean and point rains were moderate to heavy, and 
c) when squall lines and zones existed. This region had low rains when light 
rains existed in the network; where motions were southeast; and when CF and AM 
conditions existed. 
The Gary-South rural area and Southeast (La Porte) area form a region 
of several rain similarities. They had rainfall highs generally when very heavy 
network point rains fell and when cold fronts existed. It often had lows in 
the pattern, particularly in southeast motions, and when network means were 
moderate. 
The results for the synoptic analyses are summarized in Table 4. Influences 
from Chicago are definable in squall lines, and to a lesser extent with cold 
fronts. No effects are shown in squall zone or air mass conditions. In general, 
the Chicago effects appear similar synoptically to those at St. Louis. The 
increases at Chicago also are evident in moderate to heavy rains, as in 
St. Louis. 
Land Use Area Analysis 
The interpretation of the isohyetal patterns based on the various rain 
classifications (presented as Figs. 2 through 20) indicated that a regional 
approach to the evaluation of the 1976-1978 summer rainfall was desirable. 
The areas chosen for the regional type analysis were those previously defined 
based on land use considerations in and around Chicago. 
Basically, the Chicago area raingage network was arrayed in a configuration 
to provide 1) a good sampling of the Chicago urban-industrial area, 2) all the 
suburban areas, 3) rural control areas, both north of the metropolitan area and 
west of the metropolitan area, and 4) the downwind area which was potentially 
effected by the urban influences. Figure 1 portrays the arrangement of the 
raingages in the network, and the land use definitions, based on the density 
of dwellings and buildings. Three-year rainfall values for each of these areas 
were calculated, based on the general assumption that urban effects, either to 
increase or decrease rainfall should be found in, or just beyond (based on rain 
motions) the urban areas. Rainfall totals at each raingage in a specific area 
were combined with others to get a 3-year area mean total rainfall. Such a 
regional portrayal of the summer rainfall also helps smooth the spatial 
variations in the isohyetal patterns found in the figures 2-20, and allows a 
different perspective of the general rainfall distribution. 
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Table 4. Analysis of synoptic results and possible urban 
influences on summer rains at Chicago. 
1. Cold Fronts (41 storms) 
a. low exists over city 
b. highs occur either N or S of the city, depending on rain motion 
c. all (a and b) occurr in light (<l/4") mean rains 
d. urban-related increases occur just beyond city, and possibly an 
urban-produced decrease over city. 
2. Squall Lines (33 storms) 
a. high over city under NW or SW motion, although high in SW case 
is not too identifiable from rain high in SW area 
b. high in La Porte zone exists when W or SW motions (not NW) 
exists and rains are heavy 
c. lows are marked in Rural West, North Suburbs, and Gary South 
(all but upwind side of city) 
d. urban increases over city, particularly are most identifiable 
in NW motion (but only 5 cases); high in La Porte with SW 
motion seems questionable as to urban influences. 
3. Squall Zones (62 storms) 
a. high over S side of city but largely due to few heavy storms 
b. city and La Porte area are either lows or at least not highs 
c. no urban effect is discernible. 
4. Air Mass (53 storms) 
a. pattern is indiscriminate, with minor highs in NW and 
W suburbs and near La Porte 
b. moderate low over city. 
c. no urban effect is definable in this sample. 
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In the assessment of the rainfall based on the land use areas, two basic 
hypotheses of rainfall effects were employed. One was based on the cases 
where the motion of the rainfall systems was included, and the other where 
motion could not be included. 
If rain motion was not included in a classification, such as in the case 
of total rainfall from all rain periods with network mean rainfall less than 
0.25 inch, then the Chicago urban, residential, industrial, and northwest 
suburbs were collectively defined as the potential effected "urban" area 
(Fig. 21a). The southeast rural area was defined as the potential downwind effect 
area. The upwind control area was a combination of the a) the extreme south 
rural, b) the west rural, and c) the northwest rural. The north shore area was used 
for the lake control, an area where lake effects on precipitation were considered 
comparable with those in the city. Thus, two sets of controls (upwind and lake) 
were used to evaluate the urban area precipitation. The south rural and far 
suburbs were areas defined as "buffer zones," having a slight potential for urban 
effects. Since the "lake control" had a different gage density (lesser) than 
the urban area, modified urban area values were calculated based on a comparable 
gage density to that in the lake control. The "modified urban area" was also 
chosen to of comparable size and parallel to lake, incorporating 8 raingages in 
an area 20 km wide (E-W) and 40 km long (N-S) to match the lake control area 
dimensions. 
For rainfall classifications wherein the rain motion was included, the zones 
of control, urban effect, and downwind effect were "rotated" with the rain motion 
(Fig. 21b, c, d). In all cases, the main "urban zone" was composed of the 
Chicago urban, residential, industrial, and northwest suburbs. In addition, an 
"immediate downwind area" was defined, a "far downwind area" defined, a buffer 
zones (between the upwind control and urban area) was defined, and the upwind 
control was defined, usually composed of two areas. Again, the specific areas 
varied with direction. 
Figures 21b, 21c, and 21d show how the upwind, buffer, immediate downwind, 
and far downwind areas were defined differently, according to rainfall motion. 
Rainfall Intensity. One set of investigations of rainfall by land use areas 
was based on categories of rain period point areal intensities. Those chosen 
reflect patterns portrayed for figures 2-20. Figure 22a presents the area mean 
raubfakk titaks fir akk raub oeruids (1976-78) with network mean values <0.25 
inch. This pattern shows that, in general, the precipitation is low in the city 
and generally is heavier as it radiates away from the low over the urban area. 
An important analysis employed with every classification in the land use 
study is the rainfall based on a further land use grouping, as shown in Table 5. 
Here the mean total rainfall values in the upwind, buffer, lake control, downwind 
urban area, and urban modified (fewer gages to match lake control density) areas 
are shown. Also shown are the comparisons of the various land use area values 
against the upwind control and the lake control region. These are shown as 
percentages. 
Inspection of Table 5 values for periods with means <0.25 inch reveals 
that the urban and downwind areas received less precipitation in 1976-78 than 
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Fig. 21. Land use areas defined and used in analysis of area mean rainfall. 
Figure a shows areas when rain motion was not defined and b, c, and 
d show areas defined under different rain motion categories. 
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the upwind control and lake control areas. In fact, the urban-rural upwind 
difference is 4.5 cm, a decrease of 18% in the urban area. Figure 22a 
and Table 5 values suggest a substantial urban-related decrease in rainfall 
under light rain conditions. Results for St. Louis (Huff and Vogel, 1978) 
also suggested urban-related decrease in rain in light rain cases. 
Figure 22b is based on a very different class of rain periods than those 
on figure 22a. Here the rain periods with network means >0.25 inch and with 
point maximums under <4.0 inches were used in deriving mean rainfall totals for 
each land use area. The map results are summarized in Table 5. The urban area 
value of 53.1 centimeters is 9% greater than the upwind control and 44% greater 
than the lake control area value. Normalization (urban modified) of the urban 
value shows a 40% increase over the lake control. A slight downwind increase 
is apparent. Thus, in the heavier rainfall periods, an apparent urban-related 
increase occurs partially over and beyond the city, as in St. Louis. 
The patterns of figure 22c and 22d are further portrayals of values from 
other classes of heavier rain events. The results are generally similar to those 
found for rain periods with means >0.25 inch; that is, the urban area had 4 to 5% 
more rainfall than the upwind control (Table 5), and 14 to 19% more rainfall 
than the lake control. The downwind area, in both of the heavier storm classifi-
cations, shows slight, 3%, increases in rainfall over those in the upwind area. 
Rainfall Motion. Another classification of rain periods studied on a 
land use basis was based on the motion of the rainfall in rain periods. 
Figure 23a presents the values for all rain periods having generally northwest 
motion (WNW, NW, NNW, and N). In this circumstance, systems are moving from 
the northwest across the city and on to the south to southeast. The land use 
values shown in Table 6 are based on rotation of the actual land use areas 
based on the rain motion. One notes that the upwind control area had a mean 
total of 17.1 cm, as compared to an urban value of 20.2 cm. The urban value 
indicates an 18% increase over the upwind control with substantially more 
(15%) in the immediate downwind effect area also. 
Figure 23b presents the values for southwest motion rain periods (SSW, 
SW, WSW, and W). As shown in Table 6, the land use values show very little 
regional difference, ranging from a low of 57,3 cm for the far downwind areas 
to a high of 58.7 cm in the upwind control areas. The percentages shown in 
Table 6 further reveal the slight differences. No apparent urban influence 
appears to exist with this motion. 
Figure 23c presents the area means with rains moving basically from the 
southeast (S, SSE, SE, ESE, and E). As shown in Table 6, all regional values 
are low, but they vary considerably. The urban area value is slightly less 
than the upwind control. The immediate downwind area (IDA) and far downwind 
area (FDA) are both 200% or more higher than the upwind control. In 6 of the 
9 rain periods with this motion, the maximum rain occurred in the IDA, and 
1 of the 9 in the FDA. Two maximized in the upwind control. 
An important finding derived from the patterns of figure 23 is that for 
those two directions where the immediate downwind and far downwind areas can 
be well defined (SE and NW rain motions), a major urban effect (increased rain) 
appears in the downwind areas. This suggests that the urban effects that 
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Table 6. Land use total rainfall values 
for various rain motion classes, 
Table 5. Land use total rainfall values for various 
rain intensity classification. 
(1)land use area value expressed as a percent of upwind value. 
(2)land use area value expressed as a percent of lake control value. 
(3)urban area value based on gage density and area equal to that in lake control. 
Fig. 22. Area mean summer rainfall values (cm) for various rain period 
classifications (network means and/or network point maximums) 
for 1976-78. 
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Fig. 23. Area mean summer rainfall values (cm) for rain periods classified 
on rain motions, 1976-78. 
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might exist with west and southwest rain motions are undetected at Chicago 
because the immediate and far downwind areas are essentially over Lake Michigan 
which, of course, is not gaged. 
The tabular values in Table 6 were used to develop cross-section profiles 
of area total rainfall, as shown in figure 24. The profile based on the southwest 
motion rains reflects small differences with all areas having less rain than 
the upwind. The northwest motion profile shows the urban peak with slightly 
lesser value in the immediate downwind area, whereas the southeast motion profile 
shows an increase developing in the immediate and far downwind areas. The 
combined values for the three possible upwind values, the three possible buffers, 
and other areas were combined to construct the lower curve in figure 24 labeled 
as "combined." This gives the motion-related rain profile across the Chicago 
metropolitan area. The upwind control mean is 76.6 cm which is 2 cm less than 
the urban total of 78.5. The greatest value occurs in the immediate downwind 
area which has a value of 79.2 cm which is 3.4% greater than the upwind control. 
The results also indicate the far downwind area, when all are combined, receives 
rainfall equivalent to that in the upwind control. 
Synoptic Weather Classes. The third major classification of rain periods 
studied on the land use basis was rooted on the major synoptic weather classes. 
The land use area totals for the three summers are shown in figure 25. The 
squall line rain totals (Fig. 25a) do not suggest an urban-related increase, 
with respect to the upwind values. The totals of five land use areas are 
presented in Table 7. The upwind value (31.8 cm) is equal to the urban value. 
However, the urban total is 15% higher than the lake control area, and an 8% 
increase in the downwind area exists. 
Figure 25b for cold fronts presents a very different distribution than that 
for squall lines. The urban values are markedly less than many of the surrounding 
values. In fact, the urban value (Table 7) is 17% less than the upwind control 
and 10% less than the lake control value. The downwind value is comparable to 
the upwind control. One conclusion is that under cold front conditions, 
precipitation over Chicago was decreased by urban influences. 
Figure 25c is based on the rain periods associated with squall zones. 
The tabular values (Table 7) indicate that the urban region has a 7 to 9% 
greater summer rainfall than the upwind and lake control areas, respectively. 
This result differs from those of Vogel and Huff (1978) which did not find 
any apparent urban effects in the squall zone storms at St. Louis. 
The air mass rain values are summed on figure 25d, and their values reveal 
a very flat pattern. In fact, the only area that is different than the upwind 
value (0.4 cm) is the downwind value which is 50% higher, but the difference is 
a small amount, 0.2 cm. The Chicago air mass results compare favorably with 
the Huff-Vogel results for St. Louis which showed little apparent urban effect 
on rainfall during air mass conditions, at least on a total summer accumulations 
of periods like three or five years. 
Since the Vogel and Huff (1978) results for urban effects during synoptic 
conditions did show marked differences according to storm direction during cold 
front and squall line occurrences, the rainfall values based on different motions 
Table 7. Land use total rainfall values for 
various synoptic weather classes. 
(1)land use area value expressed as a percent of upwind control value. 
(2)land use area value expressed as a percent of lake control value. 
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Fig. 24. Profiles of total rainfall across Chicago as measured in land use 
areas and sorted by direction of rain motion. 
Fig. 25. Area mean summer rainfall values (cm) for rain periods associated 
with the four most common synoptic weather conditions, 1976-78. 
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were inspected. Figure 26a and 26b present the cold front conditions with 
NW and SW rain directions. These account for most of the cold front total 
rainfall. Inspection of the urban values shows that the urban area experiences 
less rainfall than the upwind controls, regardless of direction. However, 
inpsection of the cold front values in Table 8 reveals that the immediate downwind 
and far downwind areas both received more rainfall than did the upwind area in 
both direction categories. These motion results further affirm the earlier 
indication that under cold front conditions, and during the 3-year sample, 
urban influences apparently helped diminish urban rainfall, but then induced 
an increase just beyond the city. 
The land use total rainfall values for squall lines, based on rain motions 
from the northwest and from the southwest, appear in figure 26c and 26d. The 
regional values grouped by motion across the city appear in Table 8. With northwest 
motion, squall line rainfall shows a very marked increase both over and beyond 
Chicago. The urban increase of 1.2 cm is 52% of the upwind mean, and the 
downwind rainfall values are even greater than those induced over the city. 
Under southwest motions (Fig. 26d) we find a different outcome with generally 
lesser rains over the city and the immediate downwind area than in the upwind 
control. However, the far downwind area received 12% more rain than the upwind 
area. The urban area with 5% less than the upwind control does suggest possible 
urban diminishment of rainfall. Importantly, with squall line systems which are 
typical fast moving, the far downwind area does achieve substantial rain increases 
under both direction analyses of squall lines. 
The final pattern presented is for the total three-summer rainfall (Fig. 27). 
Land use values are interesting. For example, the Chicago residential area mean 
total rainfall of 98.9 cm is substantially greater than that in other parts 
of the larger urban region. As shown in Table 9, the entire urban area mean 
of 89 cm is 4% greater than the upwind control value. However, comparison of 
the Chicago residential value with that of the upwind control shows an increase 
of 15%. The overall urban area mean total is 14% greater than the lake control 
area north of Chicago. When the urban rain is calculated based on the same gage 
density as in the lake control, the difference is 15%. Treating of the areas 
without rain motion indicates that the downwind area, which is northwest Indiana, 
has 5% less rainfall than that of the upwind area. 
Summary 
Let us first consider the urban (composed of four subregions) precipitation 
against that of the lake control area north of the city. Values in Table 10 
reveal two important factors. First, the urban precipitation exceeds that of 
the lake control in most instances of heavier, convective rainfall. It is 9% 
higher in squall zones and 15% higher in squall lines. For storms of moderate 
to heavy intensity, the increases range from 10% up to 40% more. The second 
factor relates to the situations in which the lake control area value was greater, 
indicative of urban influences to decrease the urban rainfall. This occurred when 
rain period means were light, less than 0.25 inch (when a 39% urban decrease existed), 
and under cold front conditions (a 10% decrease). No difference existed during 
the air mass synoptic conditions. The net result is a 15% increase in rainfall 
Table 8. Land use total rainfall values for 
various storm motion classes and 
synoptic classes. 
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Table 9. Land use total rainfall 
for 3 summers, 1976-1978. 
(1)An urban area of comparable size and gage density to the lake 
control area. 
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Table 10. Urban area and downwind area summer rainfall 
values compared to those in control areas 
at Chicago. 
*All values ≥10% of the control are asterisked. 
(1)Urban vs. lake control based on urban modified values where gage density 
and area parallel to lake was equal to that in the lake control area. 
Fig. 26. Area mean summer rainfall values (cm) for rain periods sorted by 
motion with cold fronts (figures 26a and b) and with squall lines 
(figures 26c and d) , and with point maximums $4.0 inches (10.2 cm), 
1976-78. 
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Fig. 27. Area mean total summer rainfall values (cm), 1976-78. 
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in the modified urban area with respect to the lake control over the three 
summers. The percentage values of more than 10% of the control values in 
Table 10 are denoted to indicate relative significance since prior research 
has indicated that areal differences of less than 10% often occur in rural 
areas due to natural variability in a 3-year sample (Changnon, 1963). 
Comparison of the urban summer precipitation values with those of the 
upwind controls reveals generally lesser differences than does the urban 
versus lake control comparison (Table 10). In general, with the heavier and more 
unstable rainfall (squall zones), a 4 to 9% increase in rainfall occurs over 
the city, when compared to upwind controls. Decreases over the city are noted 
in the light rains and cold front conditions. Under conditions in which the 
city is effectively "rotated," based on rain motion, urban area increases are 
substantial (>10%) in conditions of northwest rain motion, except in cold front 
situations. In conditions of rain motion from the southwest and the southeast, 
the urban precipitation is slightly less than the upwind controls. 
In the net, the analysis of the Chicago urban precipitation strongly suggests 
an urban-related decrease in rainfall when cold fronts existed and during light 
rainfall events. Decreases with cold front rainfall were 10 to 15%, and were 
15 to 35% with the rain periods with means less than 0.25 inch. 
One can also examine the potential urban effects on rainfall in the 
immediate downwind and far downwind areas. The results based on the motion 
analysis, which are the most relevant, indicate (Table 10) that in most instances 
the area immediately downwind of the Chicago urban area received rainfall as 
high or higher than in the upwind control. This increase was sizeable in cases 
of northwest motion of rainfall, southeast motion of rainfall, and squall line 
motion and cold front motions from the northwest. Only in the cases of the 
southwest motion was the downwind result not indicative of major increases, and 
in this situation the immediate downwind area rain is not measured because it is 
in the lake. 
Conclusions 
The 3-year Chicago sample provides a variety of interesting general 
conclusions. First, urban influences to increase rainfall both over the city 
and beyond it occur generally under the more unstable conditions in which 
moderate to heavy rainfall occurs. In particular, when motions of rain are 
from the northwest and southeast, there are definable maximums related to the 
urban area, either in the urban area and/or just beyond it. On the other hand, 
there is strong evidence the urban influences acted to decrease the rainfall when 
rains were locally very light or associated with cold front conditions. Few, if 
any, indications of urban influences existed in the air mass conditions. Most 
of the in-city effects, based on synoptic analyses of increases, occurred with 
squall lines and squall zones. Increased rainfall in the La Porte area existed 
but resulted from a few heavy rain periods (under squall conditions). It was also 
a very localized higher rain area. 
The final question is how do the Chicago results compare with those at 
St. Louis. One must keep in mind their differences, particularly in area scale 
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and shape. For example, the east side of Chicago (Urban Center) is comparable, 
in location, to extreme east side [Granite City-Belleville) of the St. Louis 
metropolitan area and the adjacent rural area; St. Louis does not have the great 
N-S extent of Chicago. Hence, what may occur in the "city" at Chicago may be 
rural area at St. Louis. The rain maxima related to urban influences at St. Louis 
was 50 to 60 km east of the western boundary of the metropolitan area, and a 
comparable site at Chicago is in the lake. There are other major reasons 
why the findings of the two cities could differ. First is the influence of the 
lake on precipitation. Another reason is simply sampling vagaries, particularly 
because of the short 3-year sample at Chicago. Nevertheless, there is agreement 
in the 2-city findings in many situations, although there are some major reversals. 
In general, the results are comparable, particularly as they related to the overall 
finding that urban-related increases exist both in and beyond the city, although 
the rain in the major downwind area could not be studied at Chicago. Furthermore, 
these urban-related increases at Chicago and St. Louis tend to occur under the 
more unstable squall type precipitation conditions and when locally moderate to 
heavy rainfall is occurring naturally. Both cities suggest influences leading 
to decreases in rain in light rain situations. The lack of any apparent increase 
or decrease in precipitation with air mass conditions in Chicago was also comparable 
to that situation at St. Louis. 
The major differences between the results of the two cities relates to 
1) squall zones in which urban increases are indicated in Chicago but not at 
St. Louis; and 2) cold fronts in which urban-related decreases appear at 
Chicago but not St. Louis. 
The analysis has shown that the principal problem in defining the 
downwind effects, which were so obvious northeast of St. Louis, is the ungaged 
precipitation over Lake Michigan. This suggests the need for radar-climatological 
studies of the rainfall behavior beyond the eastern edge of Chicago. 
The magnitude of the apparent urban-related changes at Chicago, based on 
the land use analysis, show a variety of percentage changes, both increases and 
decreases, that are comparable to those at St. Louis. The magnitude of the 
urban changes varies according to which of the control area is used. Since the 
lake control area is probably the most reasonable to employ in the Chicago 
analysis, one concludes that Chicago received 15% more rainfall in the summer 
due to urban effects than what would have occurred there. To obtain an "average" 
estimate of the overall downwind precipitation influences, the downwind (far 
downwind) values found in Table 10 were summed and averaged. The resulting 
value indicated a 16% increase in the summer rainfall downwind of Chicago, 
presumably related to urban influences. This is less than the 15 to 30% increase 
found at St. Louis. 
When one considered the 3-year sample of the Chicago study as compared to 
the 5-year at St. Louis, the general conclusion is one of comparable results. 
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DISTRIBUTION OF MAXIMUM AND MINIMUM RAINFALL CENTERS 
IN RAINSTORMS OF 1976-1977 
Gregory L. Dzurisin 
Introduction 
A study was made to determine where the maximum and minimum rainfall 
amounts of each summer storm during 1976-1977 occurred in the Chicago Area 
Project (CAP) raingage network. The goal was to discern what effects, if 
any, the urban environment had on the distribution of the heaviest and 
lightest amounts. 
Three maximum and three minimum rainfall amounts (hereafter referred 
to as the maximum and minimum) were defined for each rain period (storm) in 
June, July, and August of 1976 (103 total) and of 1977 (80 total). The 
data were stratified by rainfall amount, rainfall extent, synoptic type, 
surface wind, and by storms that produced 1-inch or more. The network was 
divided into 13 land use type areas (fig. 1) which had been delineated 
earlier. The raingages in each area and the total area in each area are 
listed in Table 1. 
Analysis Approach 
Three maximum and three minimums were delineated for each storm. Their 
occurrences were counted for the 13 areas. Maximum #1 was defined as those 
two adjacent gages with the greatest rainfall total. Maximum #2 was defined 
as those two adjacent gages with the second greatest total and located more 
than two gages away in any direction from maximum #1. Maximum #3 was defined 
as those two adjacent gages with the third greatest total and located greater 
than two gages away in any direction from maximum #1 or maximum #2. 
There were some exceptions to these definitions. First, there may have 
been a tie for highest rainfall in two separate areas. The area with the 
highest total rainfall, based on all the gages, was given highest rating. This 
could have created a bias toward the larger control areas, but ties seldom occurred. 
Secondly, if the two gages defining a maximum were in two areas, the control area 
with the greatest total precipitation was used. This split-control area 
phenomena happened many times. Another exception occurred when the rainfall 
was light and limited in coverage so that there may not have been a maximum #2 
or maximum #3. Consequently, maximum #2 and maximum #3 totals do not equal 
the maximum #1 frequently. Fourth, if there was a tie for a maximum, and 
there was no other rain in the remainder of the area, then the one gage with 
the largest amount was given priority. Lastly, if two areas had only one 
gage with the same total, then the area with a smaller number of gages was 
given priority. For example, if two separate areas recorded .02 inch at only 
one gage and one area had 5 gages and the other had 20 gages, then the former 
(small) area was assigned the maximum. 
- 1 5 4 -
Table 1. 
Table 2. Maximum and Minimum Frequencies by Control Area 
1976 and 1977 
All Storms 
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Minimum #1 was defined as two adjacent gages with the smallest total. 
Minimum #2 was defined as two adjacent gages with the second smallest total 
and greater than two gages away in any direction from minimum #1. Minimum #3 
was defined as two adjacent gages with the third smallest total and greater 
than two gages away in any direction from minimum #1 and minimum #2. There 
were many exceptions to the definition of minimums because most of the storms 
did not produce rain across the network, leaving large areas with zero values. 
First, if a case existed in which no rain fell at one or more gages, then the 
land use area with the greatest extent (percentage of total area) with no rain 
was the only minimum counted. There is bias here favoring the smaller control 
areas. Secondly, if there was more than one area without any rain, then the 
areas were assigned a fraction of the minimum. For example, if three areas 
were all zero rain, each was assigned a count of 1/3 of a minimum. Thirdly, 
if the two gages being used for a minimum were in two different land use 
areas, then the area with the smallest total of all the raingages was assigned 
the minimum. Because there was only three gages in use in the East Lake 
Michigan area in 1976, this area was not used in assessing minimums. However, 
maximums were counted in this area in 1976. Table 2 lists the maximums and 
minimum by each area for 1976 and for 1977 for all storms (183). 
Areal Distribution of Maximums and Minimums 
Table 3 shows adjusted frequencies of the maximums by areas. Column 1 
lists the percentage of maximum #1 frequency found per square mile. The total 
number of maximums (for 1976 and 1977) for each area was divided by the number 
of square miles in that area. The results of this calculation yield small 
numbers which were converted to percentages. Column 2 lists the percentage 
of maximum #2 frequency per square mile, and column 3 lists the percentage of 
maximum #3 frequency per square mile. Since there was less than 183 of the 
maximum #2 and maximum #3 frequencies, they were adjusted as though there had 
been 183 frequencies (storms) with these. Thus, there was an additional amount 
added to Columns 2 and 3 to approximate the value had there been 183 storms 
instead of 174 and 171, respectively. 
The last column of Table 3 lists, in percent, the maximum frequencies per 
square mile that occurred when all three normalized maximums were totaled. 
The four areas with the highest values of maximum occurrences were downwind of 
Chicago. The areas are South Surburban, and the West, Central and East areas 
of South Lake Michigan. Urban-industrial effects may be a partial cause, but 
the maximum frequency is not over the city where other historical data reveal 
a secondary maximum. 
The lowest frequency of maximums occurred in the northwestern and 
southwestern suburbs (the Lake Effect, Semi-Rural and Joliet areas), and on 
the east side of Lake Michigan (East Lake Michigan). Approximately 3.5 times 
more maximums occurred in the downwind areas than in the upwind and far 
downwind "control" areas. However, the four low areas were those with lowest 
gage density, indicating their low values may have resulted from inadequate 
sampling. If the combined percentages (based on all 3 maximums) shown in 
Table 3 are compared for only those areas with equivalent spacing between 
gages, one finds the Central Urban and West Surburban areas with the lowest 
frequencies of maximizations. 
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Table 3. Frequency of Maximums for 
All Storms in 1976 and 1977 
- 1 5 8 -
Figure 2. Frequency of rainfall maximums (ranks 1, 2, and 3 highest) 
expressed as a percent per square mile, for 183 rain storms 
(periods) in 1976-77 
Figure 3. Frequency of rainfall minimums (ranks 1, 2, and 3 lowest) 
expressed as a percent per square mile, for 114 rain storms 
(periods) in 1976-77 
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Figure 2 is an illustrative presentation of the data from Table 3, 
column 4. This will help visualize any urban impacts on the maximum-minimum 
frequencies. The Lake Effect, West Suburban and East Lake Michigan areas 
were kept intact. However, the Urban area value is an average of the North, 
Central, and South areas, and the South Suburban area is an average of the 
Joliet and South Suburban values. The South Lake Michigan area also is an 
average of the West, Central, and East South Lake Michigan areas. The 
Semi-Rural and Control areas were eliminated from this illustration. 
Table 4 presents a tabulation of the minimums by area. Column 1 lists 
the number of minimums #1 (lowest) when 3 minimums per storm could be defined. 
In the same manner, the frequencies of minimum #2 and minimum #3 are listed 
in columns 2 and 3. There were 19 storms in 1976 and 1977 that had three 
minimums per storm which indicates 100% coverage of the network with precipitation 
for these storms. 
Column 4 of table 4 lists the number of maximum frequencies (per square 
mile), in percent, corresponding to the storms with three minimums (100% areal 
coverage). Column 5 lists the number of minimums per square mile, in percent, 
for the same 19 storms. Thus, each area has a normalized number of minimums. 
Column 5 values show that South Lake Michigan West, Control and the Lake Effect 
areas are those with largest number of minimums (values - 2.2). There is 
little linear relationship of these values with the maximums (per square mile) 
in column 4 because these three areas had some of the larger and smaller number 
of maximums. The same poor relationship holds true when comparing the areas 
with the least number of minimums against their numbers of maximums (columns 
4 and 5). Thus, the areal frequencies of minimums per square mile, when 3 
minimums occur in a storm, show no relation to the areal distribution of maximums. 
Column 6 lists the total fractional number of minimums of all the storms, 
minus those in the 19 widespread storms. Column 7 lists the number of storms 
in which the minimums of column 6 occurred for each area. Column 8 lists, 
in percent, the number of minimums per square mile. To normalize the data, 
95 storms were used as a normalizing factor in each area to find the percent 
of minimums per area. Ninety-five storms were selected because it is the 
largest number of storms that had minimums in any one area (the Joliet area). 
Column 9 lists the resulting values. Column 10 lists the total of Columns 5 
and 9. In effect, it gives the percent of minimums per square mile that 
occurred in each area using 114 storms as a basis. 
Comparison of column 10 with table 3 (column 4) shows generally that the 
largest number of minimums (per square mile) occur where there were large 
numbers of maximums. Particularly noticeable are the South Lake Michigan 
areas (West, Central, and East). The West Suburban area has relatively few 
minimums, and the Control-Rural has relatively large number of minimums (per 
square mile). The values of Table 4, column 10, are plotted in Figure 3. 
Areal Distribution by Rainfall Amount 
The maximums and minimum distributions were stratified according to 
rainfall amounts, and then their areal distributions was studied. The rainfall 
amounts from maximum #1, (from the two gages with the greatest total precipitation) 
Table 4. Minimum Frequency 
All Storms - 1976, 1977 
(1)There was 100% areal rainfall coverage with these 19 storms. 
(2)The number of storms per area per Column 7. 
(3)The largest number of storms in any control area of Column 7. 
(4)The 19 storms of Column 4 plus 95 storms of Column 8. 
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were tabulated. The storm data were then divided into two groups, those with 
<.25 inch (0.64 cm) and ≥.25 inch of maximum precipitation. Grouping the data 
in this manner also effectively separated the storms into major synoptic types. 
Thus, the air mass storms with the expected small rainfall amounts were 
generally in the <.25 inch group, while the squall zone and squall line storms 
were generally in the ≥.25 inch group. 
There was 74 storms with <.25 inch 2-gage maximums and 109 storms with 
≥.25 inch 2-gage maximums. Column 1 of Table 5 lists the number of maximums 
as a percent (per square mile) for each area. Column 2 is the number of 
minimums, listed as a percent per square mile, for each area. (Columns 3 
and 4 are respectively the same as columns 1 and 2, but are based on the 109 
cases when the maximum 1 rainfall amount was ≥.25 inch.) 
Column 1 shows that when ranked from high to low, they agree closely with 
the rankings based on the maximums of all storm totals (Table 3). The higher 
frequencies in the downwind areas are still evident. The heavy storm data 
(column 3) shows a similar distribution except here the Central Urban area 
is higher and replaces the South Lake Michigan West area in ranking. Thus, 
when the storms were stratified by light versus moderate precipitation amounts, 
the areal frequency of maximums show little difference. 
The lighter rain minimums (per square mile - column 2) and the heavy storm 
minimums (column 4) both show similarity in ranking. Thus, the areal distribution 
of storm minimum occurrences for the lighter and heavier rains are consistent. 
Like the maximums, the minimums show little difference from the all-storm totals. 
The maximums with the heavier rains show 1) a downwind higher frequency of 
maximums, and 2) a secondary high in the urban area. The South Lake Michigan 
area and urban area both experienced high incidences of maximums and minimums 
(indicating greater rainfall variability), and the East Lake area had few of 
each. The western "control" areas had relatively few maximums but many minimums. 
Conversely, the West-Suburb has few minimums but many maximums. 
Analysis of Areal Extent of Storm Rainfall 
The percentage of network coverage by rainfall was determined. There 
were 92 storms with <24% areal coverage and 91 storms with ≥24% areal coverage 
in 1976 and 1977. There was little difference between the distributions on 
these basis. 
Synoptic Typing Stratifications 
The maximum and minimum data were also stratified by synoptic weather 
types. There were nine synoptic classifications. Pre- and post-frontal were 
grouped as one classification. The columns of Table 6 lists, for each synoptic 
type, values adjusted for area size and storm frequency. Squall zones, squall 
lines and cold fronts produced the heaviest rains and those with the largest 
areal coverage. 
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Table 5. Minimum and Maximum Frequency 
Rainfall Amounts - 1976, 1977 
(1)This is the maximum number of storms that affected each area. There may be 
fewer storms that affected the data of each area with maximum 2 and maximum 3 
frequencies. (Valid for tables 5 to 8). 
(2)This is the maximum number of storms that affected each area. (Valid for 
tables 5 to 8). 
Table 6. Minimum and Maximum Frequency 
Synoptic Class - 1976, 1977 
Table 6 (cont.). Minimum and Maximum Frequency 
Synoptic Class - 1976, 1977 

Table 7. Minimum and Maximum Frequency 
Prevailing Wind Direction - 1976, 1977 
Table 7 (cont.). Minimum and Maximum Frequency 
Prevailing Wind Direction - 1976, 1977 
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minimums are not in the same areas as the maximums. Especially with winds 
from the Southwest — the North Urban, North Lake Michigan West, and Semi-Rural 
areas are not in the same ranking as they were in the all-storm totals. The 
winds with an easterly component show a larger concentration of minimums in 
the Central and South Urban areas. Southeast wind cases produced large 
concentrations on minimums in the North and Central Urban areas. The cool 
winds off the lake may have a diminishing effect on the storms. The Joliet 
Control area has an unexplained large number of minimums per square mile with 
south, north and east winds. In summation, the winds have some effect on the 
location of the minimums and maximums of storm rainfall. 
Data from Table 7 were combined and plotted for winds with a westerly, 
easterly, southerly and northerly components for maximum and minimums frequency. 
Regardless of the wind direction, the patterns of minimums indicated a general 
latitudinal, North-to-South increase. Storms with westerly and northerly winds 
suggest the greatest urban (in-city) influences, but the downwind (South Lake) 
increase exists in all wind conditions. 
Distribution by One-Inch Storms 
The maximum and minimum frequency data were stratified for one-inch 
storms. A one-inch storm was defined as a storm when at least one raingage in 
the 315 gage network had ≥1 inch (2.5 cm) rain. There were 46 one-inch storms 
in the summers of 1976 and 1977. 
The ranking of the maximums (Table 8) from high to low for the 1-inch 
storms shows two important results. One is the high frequency in the east 
South Lake Michigan area where the La Porte anomaly exists. The second is 
the higher frequency in the Central and South Urban areas where historical 
data show intensification of heavy storms. 
The minimums with 1-inch storms show high frequencies in the western 
areas (the Lake Effect, Semi-Rural and Control areas). The easternmost areas 
(South Lake Michigan Central, South Lake Michigan East, and East Lake Michigan) 
have low concentrations of minimums. The Joliet area has a large number of 
minimums compared to the other areas (Table 8). 
Summary 
Although a 2-year sample is small, the areal distributions of storm 
maximum rainfall amounts do suggest an urban effect. The greatest frequency 
of maximums per unit area existed in the areas just downwind of Chicago. 
The minimum rainfall amounts are generally greatest in the areas where there 
is also the largest number of maximums. 
When the maximum and minimum data were stratified by rainfall amounts and 
extent, there was little change from the high and low distributions found in 
the all storm category. However, synoptic weather classes had varying maximum 
and minimum distributions. The squall line and cold front storms concentrate 
their maximums in the downwind (South Lake) areas, and the squall zone storms 
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Table 8. Minimum and Maximum Frequency 
One-Inch Storms - 1976, 1977 
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are high there and also in the urban area. The less organized, slower moving 
systems (stationary and warm fronts and pre-or post-frontal conditions) also 
have a tendency for a double maxima for the heavier rains with high frequencies 
in the South Lake area and in the Central Urban area. 
The pre-storm surface winds had some influence on the location of the 
maximum and minimum values. Winds with a westerly component show high values 
in the South Lake areas (downwind), and the winds with an easterly component 
showed a similarly but more limited, downwind effect with more maximums on the 
west side of the lake. 
The 1-inch storm maximum data showed an intensification east of the city 
and in the city, a result in close agreement with findings from studies of 
historical data. The in-urban effects seem to exist primarily in the heavier, 
1-inch or greater, storms. 
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MORE ON THE LA PORTE ANOMALY 
Stanley A. Changnon, Jr. 
Illinois State Water Survey 
Introduction 
The La Porte weather station in northwestern Indiana revealed the 
existence of unusual weather conditions, potentially indicative of inadvertent 
modification of the atmosphere and precipitation processes resulting from the 
Chicago urban-industrial area. In the late 1930's, La Porte values of warm 
season rainfall and thunderstorms indicated major increases (in both amounts 
and frequencies), relative to the values of other stations in the general 
area. From 1940 through the mid-1960's the La Porte rain and thunder values 
remained at 30% to 40% higher levels than the surrounding values, and these 
results were presented to the scientific community (Changnon, 1968). 
Earlier climatic studies of European cities had indicated 5 to 15% 
increases in rain and thunderstorm activity over the cities (Landsberg, 1962), 
but the La Porte results were particularly challenging because the increases 
were so large and were occurring about 25 miles away (east) from the urban area. 
The La Porte findings focused scientific interest on the subject of inadvertent 
weather modification, and scientific questioning of the cause of the anomaly 
followed in the 1969-1973 period and again in 1976-1977. The questioning 
concerned whether the increases at La Porte were due to Chicago-related 
atmospheric influences or were due to faulty observer records. The ensuing 
publications addressing the subject debated other evidence of local area 
weather changes including those found in hail, crop yields, streamflow, and 
even in the altered precipitation at other nearby stations. One later study 
showed urban-related increases in summer rain and thunderstorms inside the 
eastern portions of Chicago itself (Huff and Changnon, 1973). 
The major impact of the La Porte anomaly and the interest it generated, 
was the launching of the sizeable METROMEX effort and subsequent greater 
attention to the issue of inadvertent and climate modification. 
Much more information on the scientific controversies surrounding La 
Porte appears in the following text, along with more recent findings about 
the anomaly. This Chicago-focused project also afforded an opportunity to 
examine further the La Porte area with new data, particularly that derived 
from the 3-year operation of the Water Survey's dense raingage network. One 
section of this chapter addresses a variety of these newer rain and impact 
findings for the La Porte area. The final section of this chapter treats 
how these more recent results, in light of the earlier anomaly findings, 
collectively help shed new light on the causes of the anomalous precipitation 
conditions in northwest Indiana. 
The La Porte anomaly, in the sizeable dimensions that existed in the 1940-
1965 period, has essentially disappeared. This is not due to shifts in the 
La Porte raingage site or observers, but is apparently due to a variety of 
changes in other conditions. 
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The Anomaly as Defined in Earlier Studies 
Water Survey climatologists had noted, in their studies during the mid-
1960's of precipitation in and around in Illinois, that an adjacent area of 
northwestern Indiana had much more (30 to 40%) rainfall and thunderstorms 
than did other surrounding regions. Research revealed that these increases 
began in the late 1930's, maximized in the 1940's, and continued into the mid-
1960's when these investigations were being pursued. The location of the 
greatest increase in precipitation was 25 miles east of the Gary industrial 
region. This "anomaly," centered at La Porte, was considered conceivably 
related to urban and industrial effects on summertime clouds and rainfall. 
The trends of the annual precipitation at La Porte and two other stations 
in northwestern Indiana, through 1965, appear in figure 1. The notable anomalous 
increase at La Porte began in the 1930's (at a time the nation was recovering 
from the Depression and was gearing up for World War II), and after the rain­
fall peaked in the World War II period, it began to decline, but continued to 
be much greater than the values at surrounding locales. Much of this annual 
precipitation increase was found to exist in the warm season (April-September) 
rainfall, which for the 1941-1965 period was 38% greater than at surrounding 
stations (Changnon, 1968). The thunderstorm frequency data at La Porte also 
showed a 30% increase (over surrounding values) for 1942-1968 (Changnon, 1973). 
This indicated sizeable influences by some cause on local convective activity. 
Studies by others of the La Porte, South Bend, and Valparaiso precipitation 
data for 1898-1968 also concluded that the La Porte annual and summer monthly 
rainfall changes were statistically very significantly different (Rao and Rao, 
1974). There was no doubt that the precipitation regime at La Porte was 
sizeably greater and significantly different over the period of the late 1930's 
through the mid-1960's. 
The research of the La Porte data also addressed the frequencies of rain 
days. La Porte was found to have 20% more days with rain of 0.25 inch or more 
than did surrounding stations (Changnon, 1970). Moreover, data for the La 
Porte and Chicago areas reveal that the city and the La Porte downwind area 
both had experienced apparent urban-related increases in the number of days 
with ≥2 inches of rainfall. The pattern of these days for the 1949-1968 
period, shown in figure 2, reveals that surrounding (upwind) rural locales, 
. typically experienced 15 to 20 such 2-inch raindays in this 20-year period, 
whereas parts of Chicago and the La Porte area had 30 to 35 such heavy rain 
days. Hence, the anomalous precipitation changes were strongly related to 
the more intense precipitation events. 
The La Porte studies also focused on hail conditions. Sizeable (greater 
than 200%) increases in the frequency in hail days were found to have appeared 
in the late 1940's at La Porte and they continued into the mid-1960's (Changnon, 
1968). Further studies revealed that these local hail-day increases were 
supported by increases found in independently collected crop-hail insurance 
records for the area (Changnon, 1970). 
Other studies of effects of the anomalous precipitation on "rain sensitive" 
areas were pursued (Changnon, 1973). Hidore's (1971) study of the runoff in 
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Figure 1. Five-year moving totals of annual precipitation at La Porte, 
Indiana, and two other area stations, and totals of smoke-haze 
days at Chicago (after Changnon, 1973) 
Figure 2. Frequency of heavy (≥2 inch) daily rainfalls in the 
Chicago-La Porte areas, based on 1949-68 period 
(after Changnon, 1976) 
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the La Porte area showed an increase in streamflow in the Kankakee River from 
1926 through 1960, and he established strong correlations between the stream-
flow values and the La Porte rainfall data. Hidore found an increase in summer 
runoff from 1926 through 1960 which appeared to be well related to the La Porte 
rain increase, particularly since other rainfall stations in and around the 
basin exhibited rainfall decreases. The 13 to 32% runoff increases shown at 
two river gaging stations in the area compared favorably with the 21% rain 
increase at La Porte for this period. 
An increase in summer precipitation, if real and sizeable, could be 
realized in the yield of crops affected by rainfall. Therefore, corn yield 
data for counties downwind of Chicago were investigated (Changnon, 1973). The 
results for the La Porte area for the 1943-1967 period showed a net increase 
(relative to surrounding areas). The yield increase considered attributable 
to local rain enhancement was 8 bushels per acre. 
Establishing possible causation of these precipitation, storm, and related 
impact anomalies was an all important scientific issue. 
The only readily available measure of the combined urban-industrial effects 
on the atmosphere in the La Porte area was the frequency of smoke-haze days 
reported at Chicago, and these are only a gross measure of the possible effect 
on precipitation processes. Nevertheless, the time series curve for the smoke-
haze day frequencies at Chicago shows reasonable agreement with that of the 
La Porte annual precipitation (see Fig. 1). Of particular interest is a 
decline in smoke-haze day frequencies after their peak in the mid-1940's which 
generally matches a decline in the La Porte precipitation. 
Correlograms of smoke-haze days at Chicago, annual precipitation at La 
Porte, and annual precipitation at South Bend (not in the anomalous rain area) 
for the period 1905-1965 were determined (Changnon, 1970). The smoke-haze 
days data indicate a high degree of persistence through the first 18 lags with 
a correlation value (r1) of 0.98 for the 1-year lag. There is also a certain 
degree of persistence in the La Porte precipitation series (r1 = 0.318), but 
practically no persistence in the South Bend precipitation series (r1 = -0.183), 
which is generally expected for precipitation data. 
Power spectrum estimates were computed for these three sets of data using 
the direct Fourier transform. The maxima of the La Porte and Chicago spectra 
were in agreement. Both these spectra had elements of persistence (red noise), 
and significant cycles with periods around 60 years were noted. The spectrum 
for South Bend was of purely random variation (white noise). 
Cross correlation coefficients for various lags were then computed for 
combinations of the Chicago, La Porte, and South Bend variables. The correlation 
coefficients between precipitation at La Porte and the smoke-haze days at 
Chicago fcr the first 18 lags were on the order of 0.5 when the Chicago series 
preceded the La Porte series. The correlation coefficients were very small for 
the comparison of South Bend and La Porte, and except for lag zero, the correla-
tion coefficients between La Porte and South Bend were small. 
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Thus, there was a relationship between La Porte annaul precipitation and 
Chicago smoke-haze days for 1905-1965, and importantly the effects at Chicago 
preceded those at La Porte. Also, there was no relationship found between the 
Chicago smoke-haze days the the precipitation at South Bend which is 22 miles 
farther away from Chicago than La Porte. 
The La Porte studies conducted during the 1965-1971 period led to other 
similar climatic investigations. Water Survey scientists found that at 6 of 
the 8 largest cities they studied (including Washington, DC; Chicago, Illinois; 
Cleveland, Ohio; St. Louis, Missouri; New Orleans, Louisiana; and Houston, Texas), 
all had altered their summer precipitation in a rather marked fashion (10 to 40%). 
Slight changes were also found in winter precipitation at these cities. Others 
found similar rain changes at Detroit (Sanderson et al., 1973). 
The Related Controversies 
The interest of the scientific community in the La Porte results led to 
a scientific controversy concerning the cause and reality of the anomaly. It 
basically concerned the even larger question, "Can man inadvertently alter 
precipitation far from a city by a significant (25% or more) degree?" The 
La Porte results essentially challenged those who did not believe that weather 
modification could be attained. As a scientific issue, inadvertent rain 
modification represented a complex process and was difficult to clearly 
prove both as to its reality or its causes. 
The controversies are discussed because they reveal the extent of the 
concern over the subject; the fact that there was not scientific unanimity 
over the La Porte effects; and because they have illuminated and brought forth 
more interesting results. Those who challenged the reported inadvertent 
(urban-induced) explanation did so on three general premises: 1) that La Porte 
records were faulty (observer or site problems); 2) that increases were not 
found universally, and 3) that the physical proofs of how the alterations 
occurred were lacking. 
Changnon (1968) in the original La Porte paper posed the question of 
reality for the anomaly, and concluded that a faulty observer or a poor site 
explanations were not likely. Holzman and Thorn (1970) studied annual precipi-
tation data for La Porte and concluded that the rain change was due to 
systematic observer falsification of the records. Changnon (1970) challenged 
this by showing 1) how other nearby stations had experienced recent rain 
increases, 2) the La Porte rainfall correlated with the smoke-day frequencies 
(an index of pollution) at Chicago, 3) that the increase in La Porte hail-days 
was supported by local increases in crop-hail insurance losses, and 4) that 
the La Porte daily frequency of rains, sorted by days of the week, showed 
distinct differences between weekdays and weekends. 
Ogden (1969) tried to test the hypothesis that the La Porte anomaly was 
related to the Gary steel mill complex by examining the inland precipitation 
data around an isolated steel mill complex along the eastern coast of Australia. 
His results were conflicting. He found that the plant had affected annual 
rainfall by 5 to 15%, but he also claimed that the outputs (ice and condensa-
tion nuceli plus heat) were too small to affect rainfall totals "appreciably." 
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Ogden (1969) also attempted to refute any relationship between the temporal 
distribution in La Porte rainfall and industrial activity. This analysis 
was challenged by Changnon (1971a) who showed that the major fluctuations in 
the La Porte precipitation were reasonably related to shifts in the national 
economy. This debate really did little to clarify the La Porte issue. 
The next series of controversies on the subject of the La Porte anomaly 
largely concerned analysis of related geophysical data, as suggested by Seidel 
(1971). Hidore (1971) made an extensive analysis of river and streamflow in 
and around the La Porte area, and compared the time series of historical runoff 
data with those of precipitation at La Porte and other area stations. He 
found runoff increases that related well with the La Porte precipitation and 
supported the reality of the anomaly. Holzman (1971a) questioned this result. 
The runoff results did much to resolve the reaility of the La Porte anomaly 
(for the 1935-1965 period). 
Analyses of tree rings in and around the La Porte area were pursued. 
Harmon and Elton (1971) showed a weather-related anomaly in tree rings in 
the area that they ascribed to a "more favorable rainfall" climate resulting 
from a combination of urban effects on rainfall and of lake effects on weather. 
Ashby and Fritts (1972) concluded that trees in the area showed increasing 
effects of man-made pollution on growth. Their analysis of rainfall could not 
support a precipitation change because a 30% increase was considered too 
insignificant to be detectable statistically, especially since their results 
showed that the precipitation variabile could explain only about 25% of the 
total variability in tree ring size. Charton and Harmon (1973) turned the 
unclear tree ring results into a mini-controversy over the question of pollution 
(toxic) effects on tree growth, but as Fritts and Ashby (1973) pointed out, tree 
ring analysis to monitor climatic variations in a polluted area are very limited. 
In general, the tree ring investigations neither supported nor refuted the 
rainfall anomaly at La Porte. 
Landsberg (1970) restated his earlier positions of support of urban-related 
rain increases of about 10% (Landsberg, 1962) and noted that the La Porte increase 
of 30% was controversial. Holzman (1971b) pursued the controversy with further 
claims against the La Porte observer. In his reply, Changnon (1971b) noted that 
the relevance and general belief of urban-produced precipitation changes had 
finally led to 1) initiation of an in-depth climatic study of eight cities, and 
2) the initiation of a major field project at St. Louis to perform the type of 
studies needed to establish the causes and the physical linkage between an 
urban-industrial area and increased rainfall. 
None of the studies stemming from the controversies in the 1969-1973 period 
was able to explain adequately the causes nor establish through measurements, 
a systematic physically-based explanation for the anomalies at La Porte or 
elsewhere. The best that could be offered in this area, using the limited 
historical and field data available, was to show that: 1) the La Porte precipi-
tation correlated moderately well with the Chicago frequencies of smoke-haze 
days, which can be considered an index of potential condensation and ice 
nuclei (Changnon, 1970); 2) a two-month rainwater-chemistry sampling program 
in the Chicago-La Porte area showed a secondary downwind increase in pollutants 
that suggested their inclusion in the rain process (Changnon, 1971c); and 3) a 
simple time model involving the motions of surface materials to cloud base, storm 
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storm ingestion and cloud processing time, and cloud motions was developed 
to show that cumulus clouds effected in the Gary area would reach maturity 
in precipitation production about 20 to 30 miles away, the distance to La Porte. 
The controversy surrounding the La Porte findings re-appeared in 1977. 
Machta et al. (1977), using monthly rain data at La Porte and two surrounding 
stations, concluded the La Porte anomaly had ended in the late 1960's because 
a new observer (and raingage site) had been chosen. By inference, they con-
clude 1) the rain anomaly was observer induced, and 2) they ignored the other 
evidence of anomalous conditions found in thunderstorms, hail, streamflow, and 
crop yields. Changnon and Huff (1977) responded to these claims indicating 
that 1) the new raingage site established at La Porte in 1969 was a questionable 
site (supported by an investigation of Maxwell, 1975); 2) a decrease in rain 
after 1969 was possibly related to this poor raingage site; and 3) that regional 
rainfall data for the 1964-1973 period showed an areal broadening of the 
localized rain increase zone (see Fig. 3), and a centering of the higher rain-
fall at Valparaiso, not La Porte. The results shown in figure 3 suggest a 
recent temporal shift including more rain over a broader area (rather than 
a small core centered at La Porte). These importantly reveal that atmospheric 
conditions can alter so as to relocate an anomalous rainfall area to another 
locale. 
The installation of the major dense raingage network in the Chicago-
Indiana area during the 1976-1978 period offered further opportunities to study, 
in great detail, the anomalous precipitation. The rain results and related 
studies of impacts including hail losses and crop yields of the Chicago area 
pursued under this NSF-supported project have shed new light on the La Porte 
anomaly. These important findings are described in the next section. 
Recent Findings on the La Porte Anomaly 
This project and other recent research have shed new information on the 
La Porte anomaly. In particular, the results for the recent period, generally, 
1969 through 1978, have been studied. 
Machta et al. (1977) showed the sizeably greater monthly (and annual) 
precipitation at La Porte had largely disappeared in the late 1960's, a fact 
which Changnon and Huff (1977) agree with — that the Weather Bureau station 
at La Porte had lower values by the 1960's. Changnon and Huff, however, showed 
that analysis of the regional rain patterns for two decades (Fig. 3) revealed 
other important possibilities. An anomaly exists east of Chicago in both 
periods, but in 1964-1973 the anomalous rainfall area shifted its center about 
15 miles. The La Porte 10-year average rainfall decreased 4.6 inches between 
these two periods, but the value at Valparaiso increased 4.0 inches. Hence, 
the anomaly related to Chicago apparently had grown in area and had shifted its 
central point. 
The Changnon and Huff studies (1977) also showed that the recent decrease 
in summer rain at La Porte was not related to heavier rain events, but to 
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Figure 3. Average warm season (April-September) precipitation patterns, 
in inches, for 1954-63 (a) and 1964-73 (b). 
(after Changnon and Huff, 1977) 
Figure 4. Total summer rainfall (cm) in 1976-78 from rain periods when 
maximum point rainfall is ≥1 inch somewhere in the CAP Network 
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lesser rainfall in the relatively light (0.01 to 0.5 inch) rain events. 
Results presented elsewhere in this volume on long-term trends in seasonal 
and annual rainfall indicate sizeable downward shifts in recent years at 
La Porte. These downward trends at La Porte do not compare favorably with 
others in nearby stations and indeed the recent low-summer values at La Porte 
appear to be singularly anomalous. 
Water Survey's operations of the dense raingage network in the Chicago 
metropolitan area and northwestern Indiana during the 1976-1978 period 
offered unique data to inspect the precipitation in the La Porte area. 
Various results for the three summer seasons appear elsewhere in this volume. 
The total 3-summer rain pattern (figure 20 in the chapter on the "1976-
1978 Summer Rain Periods") showed a localized high of rainfall centered at 
La Porte. However, sutdy of the rain events in the three summers revealed 
that the anomalous values were due to five heavy rainstorms which represented 
2% of the total rain events. This type of result is illustrated in figure 4 
which is based on the rainfall from the 1976-1978 summer rain periods in which 
the maximum point rainfall somewhere in the network exceeded 1 inch. One notes 
the very localized nature of the rainfall high based on heavy rain conditions 
for this 3-summer period. 
Other results in another chapter of this volume, based on heavy (greater 
than 1 inch) raindays in the 1949-1974 period, reveal the occurrence of more 
heavy rain events in northwestern Indiana during squall line passages. The 
rainfall pattern of these squall line heavy rains resemble that in figure 2. 
The 1949-1974 storm results sorted by motions moving from the west or south-
west. These would not appear to be obviously related to urban influences. In 
fact, the detailed analyses of the 1976-1978 rain period results do not support 
the concept that the few storms that intensified in the La Porte area were 
urban related. 
The hail insurance loss and hail day data for recent years were studied 
and are presented in a chapter in volume 3 of this final report. These 
results revealed that the greater frequency of hail days in the La Porte area 
disappeared in the mid-1960's. In fact, both the hail loss values and hail 
day frequencies returned by 1970 to values that were comparable to those of 
the pre-anomaly period. 
The updated analysis of corn yields in the La Porte area (see Economics 
chapter in volume 3) reveals a similar finding. Anomalously higher corn 
yields appeared in the La Porte area beginning in the late 1930's and persisted 
into the early 1960's. This yield anomaly is considered to have been related 
to the "unusually heavy summer rain in the La Porte area." However, after 
1962, the higher corn yield values in the La Porte area disappeared, relative 
to the values in surrounding areas. 
Clark (1978) performed a modeling study of the recent streamflow data in 
the La Porte area. He found that the anomalous streamflow behavior apparently 
disappeared in the 1960's. He states that "the disappearance of the anomaly 
at La Porte in the streamflow in the early 1960's can be explained by one of 
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of two possible events: a gradual movement of the heavy precipitation area 
away from the raingage in the late 1950's-1960's, or some alteration of the 
precipitation intensification mechanism during the same period." 
The general conclusions that can be derived from these results based on 
more recent data of the 1966-1978 period, is that the La Porte anomaly, as 
expressed in most of its dimensions (save heavy rain days), has decreased 
significantly and largely disappeared in the 1960's and early 1970's. Only 
the data on very heavy rain events continue to suggest a La Porte centered 
anomalous behavior. However, apparently these events are not sufficiently 
frequent nor sizeable to produce a signature of consequence in the seasonal 
and annual precipitation pattern. The 1976-1978 cases do not show these to be 
urban related. 
The next section of this chapter explores possible factors relating to 
these changes in the La Porte anomaly. 
Factors Relating to Changes in the La Porte Anomaly 
The strong likelihood that the La Porte anomaly has disappeared, as 
described in the previous section, raises several questions as to causes for 
its disappearance, as well as its appearance. If one believes, as several 
studies have strongly suggested, that the anomaly was related to the growth in 
the Chicago urban-industrial area and activities in the 1930's, one must spec-
ulate why it would disappear in the 1960's since the city did not decrease in 
size or activities. 
The precipitation anomaly and its ensuing impacts are clearly revealed 
in 1) other geophysical and economic data including hail insurance losses, 
streamflow, and crop yields; and 2) at other surrounding weather stations (at 
given times) including Valparaiso, South Bend, Ogden Dunes, and Wahnetaw, 
Indiana. Hence, evidence is very strong that the precipitation anomaly is 
northwestern Indiana and its disappearance at La Porte were not due to the 
La Porte observer or the raingage exposure (Changnon and Huff, 1977; Clark, 
1979). Hence, one must consider other possible explanations. 
First, are possible disappearances related to spatial shifts. That is, 
the concept that the anomaly area is still present but is either at a different 
locale or is less obvious. One possibility is that since the anomaly has been 
a very small area, it moved away from La Porte to a local elsewhere in 
northwestern Indiana or Lake Michigan, and that this locale is not detected. 
Another possibility is that a broader area of rain increase has developed masking 
the isolated or localized nature of the La Porte anomaly. Changnon and Huff 
(1977) offered evidence that the anomaly has indeed both broadened and shifted. 
Clark (1979) noted the possibility that the anomaly was quite small and had 
shifted. Rao and Rao (1974) have offered evidence for a broadening or areal 
extension of the anomaly. They state, "Consequently, there is reason to believe 
that the La Porte anomaly is not confined to La Porte alone but may extend as 
far as South Bend also." The causes for such spatial shifts will be explored 
later. 
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The second explanation for the anomaly's disappearance are "temporal" 
shifts. This means that the anomalous precipitation area has both appeared and 
then disappeared at some discrete times and has not shifted in location. 
Clearly, the La Porte values treated alone suggest the anomaly had a distinct 
beginning and ending. Further, the 1976-1978 summer rainfall results from the 
CAP network do not support the presence of an anomaly that can be related to 
urban influences. The next section relates to possible causes for the time 
shifts. 
Causation. Causes for the possible space and/or time shifts leading to 
the disappearance of the La Porte anomaly (at least at a detectable level) are 
seen as related to one of two factors. 
The first factor relates to changes in urban influences on the atmosphere. 
There is clear evidence that the Chicago influences on air pollution, as revealed 
in the smoke and haze days, were decreasing in the area up to 1965, as shown in 
figure 1. Great attention to emission control by industry and automobile 
manufacturers because of air quality regulations in the last ten years has 
likely led to further decreased emission of pollutants capable of affecting 
cloud and precipitation processes. In addition, the steel mills of the Chicago-
Gary area, known major producers of active ice nuclei, have been undergoing 
major changes in the processes used for steel production in the past 15 years 
(Changnon, 1971a). These factors collectively would indicate that if the 
anomaly at La Porte in rain and storminess was due to microphysical effects 
from urban-industrial particulates, there is reason to suspect a sizeable 
decrease in influences because particulate matter has been greatly decreased. 
In general, this microphysical relationship is supported by the good statistical 
correlation between the Chicago haze-smoke day frequencies and the La Porte 
rainfall. However, results from St. Louis indicate that much of the urban 
influence has occurred as a result of the dynamic (thermal and mechanical) 
influences on the atmosphere, rather than from microphysical influences. 
It does seem possible, although proof cannot be offered, that the continued 
growth of the Chicago urban area has also increased the urban influence on the 
atmosphere. This could have been producing a greater effect leading to a 
broader, but less well defined rainfall maximum over a greater portion of 
northwestern Indiana. However, with all things considered, alterations in urban 
influences do not seem to be a major factor explaining the disappearance of the 
La Porte precipitation anomaly. 
The other factor that could explain the disappearance of the La Porte 
anomaly is one related to meteorological conditions. It is well known that the 
natural variability of summer convective precipitation is quite great. Further, 
the size of the anomalous rain area at La Porte was relatively small and a 
moderately small change in circulation patterns could produce a relocation of 
the anomaly. Clark (1979) speculated that the rain anomaly moved, and Changnon 
and Huff (1977) have shown that it did move and broadened. Hence, if changes 
in circulation patterns occurred in the 1960's, the anomaly area could have 
been relocated a few miles to an ungaged area including over Lake Michigan. 
There is evidence that macroscale circulation changes have occurred in 
recent years within the Chicago region. Wahl and Lawson (1970) have shown that 
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the 1931-1960 period (generally the time of the anomaly at La Porte) was a 
very unusual climatic period in the eastern half of the United States. 
Eichenlaub (1971) showed that the 1931-1960 period in the Chicago region 
was 4°F warmer in 1931-1960 than it was in 1830-1869. In general, the La 
Porte anomaly occurred in a period of unusually warm temperatures, the highest 
of the last two centuries. Eichenlaub also noted a sharp de crease in the mean 
heighth of the July 700-mb level (at Sault Ste. Marie) began in 1955. Such a 
decrease in the level of 700-mb zone reveals 1) decreasing zonality of circu-
lation, and 2) a deepening of the mean 700-mb trough off the East Coast. These 
two factors lead to increased cold air advection. This type of circulation 
change is further supported by shifts in surface winds, as measured at Grand 
Rapids, Michigan, a site relatively close to the La Porte anomaly. Preferred 
wind directions at Grand Rapids indicate a systematic shift, over the last 20 
years, from the southwest to west-northwest in direction, and this has brought 
cooler and cloudier summer conditions into this area since 1960 (Eichenlaub, 
1971). 
Brennan and Smith (1978) studied the frequency of cyclones and anti-
cyclones in the Midwest during the 1950-1974 period. They found a sharp 
decrease, beginning in about 1960, in the number of cyclones. The average 
summer frequency over the area of where the La Porte anomaly has existed went 
from 32 to 25 cyclones per year. Hosier and Gamage (1956) presented U.S. 
cyclone frequency data for 1905-1954 period. They showed a temporal increase 
in annual variability, with the greatest cyclone frequencies in the 1935-1941 
and 1947-1955 periods. These findings, plus those of Brennan and Smith, suggest 
the anomaly occurred during a period of greater cyclonic passages. 
Wahl (1968) put an interesting perspective on the climate of the eastern 
United States in the last few centuries. He notes that the period from the 
16th Century well into the 19th Century was cool and relatively wet. Following 
that was a warming trend that extended from 1880 to about 1940 or 1950. Wahl 
further indicates that during the last 2 decades (the 1950's and 1960's) there 
appears to be evidence that the warming trend has ended such that conditions 
"in the 1960's appeared to approach those which were generally found around the 
turn of the Century." In his efforts to describe this climate change in the 
general La Porte area, Wahl (1968) points out that during the warmer period 
of this century (when the La Porte anomaly existed) the polar front was 
farther north (typically across Lake Superior). Now, it has penetrated 
farther south into central Wisconsin, as it did in the earlier part of the 20th 
Century. Wahl states, "together with this more southerly position of the polar 
front, we can assume also a displacement of the position of the major storm 
tracks resulting in a southward dislocation of the bands of precipitation." 
As Eichenlaub (1971) states, "our recent (post 1960) climate has been 
reverting toward circulation patterns characteristic of the turn of the Century" 
and in consequence, "the data from the 1931-1960 period may be representative 
of a climatically 'abnormal' interval." 
These climatic analyses would suggest that large scale major circulation 
changes began in the 1950's and 1960's which could be expected to alter various 
precipitation conditions (direction, motion, etc.) in the Chicago region. It 
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would appear that these circulation changes have had a potential influence 
on the diminishment or disappearance of the La Porte anomaly. 
Conclusions 
The rainfall, storm, streamflow, and crop data for northwest Indiana all 
suggest that the La Porte anomaly developed in the late 1930's and ended in 
the 1960's. Its temporal behavior correlates will with the frequency of 
smoke-haze days in Chicago and there are various other reasons to conclude 
that the anomaly in the La Porte area was related to urban-industrial 
influences on the atmosphere. 
In addition, the anomaly existed or was most pronounced in a climatic 
period which several investigators have identified as being relatively unusual 
and abnormal, at least within the weather regime of the last 300 years in this 
region. These climatic studies show the 1931-1960 period to be one of unusually 
high temperature and rainfall and with a high frequency of cyclone passages. 
Studies also show that since about 1960, the climate of the Midwest has been 
changing and reverting back to the climate more typical of the years prior to 
1930. This period of shift has been one when the anomaly at La Porte disappeared. 
In conclusion, it seems most reasonable that the anomalous precipitation 
in northwestern Indiana (centered at La Porte) was largely due to urban-
industrial influences, but that these influences on the atmosphere have been 
altered by changes since about 1960 in the general circulation patterns. These 
changes have either ended the anomaly or moved the anomalous precipitation zone 
into the ungaged lake area. 
This information is enormously important to the entire field of planned 
weather modification. It indicates that areas of change in rain may, after 
many years, be relocated, disappear, or appear based on the general circulation 
patterns in an area. 
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SUMMARY AND CONCLUSIONS 
The various studies described in this report present many important 
findings about potential urban and lake influences on the precipitation regime 
in the Chicago area. Basically, the studies were grouped according to two 
data categories: 1) climatic research of historical data ranging from 20 to 
46 years in length, and 2) studies of weather data from the recent 4 years 
(1975-1978) utilizing data from a dense raingage network data, radars, and 
satellites. Studies in these two data categories were, in many ways, 
complementary. 
The studies of historical data focused on three topics related to earlier 
research dealing with Chicago and St. Louis. These studies included 1) examina-
tion of seasonal and annual trends in precipitation over a 46-year period; 
2) the analysis of rainfall patterns from the 38 regionally heavy rainstorms 
in a 25-year period; and 3) a comparative study of urban and rural thunderstorm 
frequencies for a 20-year period. 
The seasonal trends in precipitation over the 1931-1976 period for weather 
stations in the Chicago urban area revealed a likely urban-induced increase 
in three seasons, being greatest in summer. There was a lesser increase 
in winter precipitation, coupled with a slight increase in spring and a very 
slight decrease in fall precipitation since 1931. The net change for the 
46-year period in the Chicago urban area represents an increase of 2.5 inches 
(6.4 cm), a 15% local change in comparison to adjacent rural values. The 
trend analysis also revealed that the La Porte precipitation values since 
1969 appear to be fallaciously downward in all seasons. This faulty trend 
developed during the years following a station relocation in 1969. Thus, recent 
La Porte National Weather Service data cannot be employed in analyses on urban 
effects. The winter precipitation trend at South Bend, Indiana, also appeared 
fallacious. In general, the results of the precipitation trend study support 
the concept of local, urban-related increases in precipitation over Chicago, 
particularly in summer and winter. It also appears that local urban-industrial 
influences may produce a precipitation decrease beyond the city, particularly 
in the colder months, a fact not noted in previous urban investigations 
including those of the Chicago urban precipitation. 
The second historically-oriented study involved determination of the 
precipitation from the 38 heavy short-duration (1 day or less) rainstorms 
in the Chicago area during 1949-1974. The average isohyetal pattern based 
on these storms indicates localized influences on the rainfall distribution. 
Lake influences on these heavy rain patterns are not suggested in northeastern 
Illinois. The heaviest rainfall from these storms occurred over the center of 
Chicago, and when well organized (squall line and cold front) heavy rain systems 
occurred, but not when an unorganized weather system produced regionally heavy 
rains. When the storm systems moved from the northwest, a secondary rainfall 
high was found in northwestern Indiana, suggesting urban effects might extend 
well beyond the city center. 
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The third historical investigation was a study of the thunderstorm 
(and related rainfall) data from the city weather station (Midway) and 
essentially a rural station northwest of Chicago (O'Hare). The results 
indicated that the urban station had statistically significant greater 
numbers of thunderstorms in the spring and summer seasons than did the 
rural station. The summer and spring season increases in the urban area 
were both 17%. It is conceivable that local lake effects may play some 
role in the development of more urban-area thunderstorms, but this is 
considered unlikely. The apparent urban effects on thunderstorm activity 
also led to 20% more rainfall from the urban-induced thunderstorms than 
fell from the rural thunderstorms. 
Assessment of the various results from these historically-oriented 
investigations reveals strong support of other urban climatic findings. 
That is, there is an increase in precipitation and storm activity in the urban 
area and in the area extending out to 40 miles beyond the city. In general, 
the results of the historical study of the heavy rain storms and thunderstorms 
in the Chicago area are in close agreement with the METROMEX results for 
St. Louis. That is, the urban enhancement of rainfall and thunderstorms 
is greatest when we11-organized synoptic conditions exist and produce 
heavier precipitation. The appearance of the maximum increase over the 
center of Chicago, as opposed to the area east of St. Louis, is believed due 
to areal differences. The greater size of Chicago, and hence a longer fetch 
for storms traveling across Chicago, means that the rural area 5 to 10 miles 
east of St. Louis is in a position equivalent to the city center in Chicago 
with respect to the western edge of their metropolitan areas. The similarity 
of the Chicago and St. Louis results suggests the METROMEX results about 
rainfall distribution, thunderstorms, and synoptic weather types could be 
transferred to other cities with similar climates. 
The satellite analyses of summer cloud frequencies indicate that the lake 
influence on cloud cover in the Chicago vicinity generally overpowers any 
regional influence of the city on clouds. The morning (1000 CDT) average 
pattern shows a low frequency of clouds over the urban area, much as found 
at St. Louis. By 1300, the cloud frequency over the Chicago urban area 
is slightly higher than adjacent rural areas with a suggestion of an urban 
high at 1600 CDT. However, by 1600, and particularly under prevailing westerly 
wind conditions at cloud levels, a notable high frequency zone extends 
eastward from Chicago over the southern end of Lake Michigan. Hence, in 
general, the daytime cloud results at Chicago are basically similar to those at 
St. Louis with an urban low in the morning followed by midday high, and a late 
afternoon increase largely east of the urban area. 
Detailed studies of radar echo characterisitics on two case days selected 
because of their different nature suggest that urban influences were sufficient 
under the unstable conditions of those days to produce influences at cloud 
levels. However, the general synoptic weather conditions on both days were primarily 
responsible for the place and time of initiation of convective precipitation. 
However, results from both days showed that most echoes maximized over or just 
east of the urban area. All echoes achieving high reflectivities (>60 dbZ) occurred 
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within the Chicago metropolitan area, but with two cases, this cannot be 
considered a significant finding. Urban echoes also showed a systematic 
tendency to produce peak reflectivity values at higher elevations than did 
non-urban echoes. This might be due to the fact that many of the non-urban 
echoes were over the lake (lake effects), or it may be due to urban enhancement. 
Only further study of more data can resolve such challenging findings. Particularly 
interesting findings from these two days were that echoes that moved out over 
the lake did not decrease in intensity or dissipate, as is often observed or 
conjectured due to lake influences. The storms were being fed by urban air 
in the return flow above the lake breeze. This drove warm urban land air 
above the relatively cold air dome over the lake, and in effect decoupled 
convection from the stabilizing lake surface. 
The third study of recent data involved a 2-year sample of summer raincells 
in the Chicago urban area and control areas to the west. Basically, the 
2-year sample appears too small to draw firm conclusions, and hence desired 
information on possible causative influences, as reflected in raincell 
statistics,could not be derived. However, the Chicago results showing increases 
in urban cell volumes, cell path lengths, and in cells with stronger convective 
synoptic types agree with raincell results at St. Louis. However, some of the 
Chicago raincell results as to the distribution of raincell initiations, and 
weekday vs weekend differences suggest a lesser urban influence at Chicago. 
The Chicago raincell results clearly call for the analysis of a greater sample 
of raincells (which is available for 1978 and 1979) to allow a more definitive 
study that could be extremely informative as to the degree of influence and the 
causative factors at Chicago. 
The fourth study of recent data concerned the 243 "rain events" that 
occurred in 1976-1978 within the dense raingage network in the Chicago area. 
The 3-year sample of rain events revealed that urban influences to increase 
rainfall, both over the city and the areas just beyond it, exist and occur 
generally under the more unstable atmospheric conditions when moderate to 
heavy summer rainfall occurred. In particular, when motions of rain are from the 
northwest or southeast, there were defineable maximums related to the urban 
area, either in the urban area or just beyond it. For systems moving from the 
west, it was impossible to identify increases because the downwind areas are 
largely over the lake. There is strong evidence that urban influences acted 
to decrease the rainfall when rains were locally light or associated with cold 
front conditions. Few, if any, indications of urban influences could be found 
in air mass conditions. Most of the in-city increases occurred during squall 
lines and squall zones. On the average, Chicago received 15% more rainfall in 
summer due to urban effects than would have occurred there without the city. 
The "average" estimate of the downwind precipitation influences suggest a 16% 
increase in the summer rainfall, which is slightly less than the 15 to 30% 
downwind increase found at St. Louis. 
Results from St. Louis and Chicago for rain events could be potentially 
different because of the great difference in the city sizes and metropolitan 
area shapes, plus the major lake influences at Chicago, Another reason is 
sampling vagaries, particularly because of the 3-year sample at Chicago. 
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Nevertheless, there was good agreement in the findings for the two cities. 
Urban-related increases in rain events existed both in and beyond both cities, 
although the rain in the presumed major downwind area (Lake Michigan) could not 
be studied with raingage data. Furthermore, the urban-related increases at 
both cities tended to occur under the more unstable squall-type precipitation 
conditions when moderate to heavy rainfall was occurring naturally. Results at 
both cities suggest an urban influence that leads to a decrease in rainfall 
during light rain situations. 
A separate study of the areal distribution of the maximum and minimum 
rainfall events in these network rain events indicated that the greatest 
frequency of maximums existed in the area just downwind of Chicago. The squall 
line and cold front rain events concentrated their maximums on the downwind 
(south lake) areas, whereas the less organized, slower moving rain systems 
(squall zones, stationary fronts, and warm fronts) had a tendency for a 
double maximum in heavier rain conditions with high frequencies in the urban 
area and the south lake area. 
A variety of available data generated in this study, both on precipitation 
and its impacts, led to a further investigation of the La Porte anomaly. This 
area, 20 to 40 miles east of the south end of Chicago, began to receive 
more precipitation in the late 1930's (with corresponding increases in storm 
activity, streamflow, and crop yeilds). Then in the 1960's the anomaly 
essentially disappeared. The general period of its presence (1935-1965) was 
one of relatively high temperatures and high rainfall with a high frequency of 
cyclone passages in the Midwest. In the years since the general disappearance 
of the anomaly in northwestern Indiana, the climate of the Midwest has 
been changing to one more typical of that in the pre-anomaly years. The 
anomalous precipitation in the La Porte area appears to have been caused by 
urban-industrial influences on the atmosphere, but it seems likely these 
have either diminished significantly, or under new atmospheric flow regimes 
the area of anomalous effects may have shifted to an area generally unmeasured, 
southern Lake Michigan. 
Conclusions. The three studies of historical data basically supported 
the general conclusions of earlier climatic-oriented studies: that there is 
an anomaly in the precipitation in the Chicago urban area and it is increasing 
with time. This anomaly is apparent in periods of generally unstable atmospheric 
conditions conducive to moderate to heavy rainfall and thunderstorms. 
The more extensive studies based on various recent data sources (satellites, 
radar, and raingage network) suggest three broad conclusions. First, there is 
a summer season anomaly in rainfall, generally over the central urban portion 
of Chicago, and it is likely due to urban (and not lake) influences. The amount 
of rain change at Chicago is hard to define (due to the lake), but it appears 
greater over the central urban area than over St. Louis. However, the changes 
found at Chicago, with an admittedly shorter sample, are about the same as 
those found at St. Louis with a 5-year sample. 
The second general conclusion concerns the general agreement between the 
Chicago and St. Louis findings. The locales of change, the synoptic weather 
conditions, and the tendency for change in the heavier rainfall regimes show 
good agreement. 
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The third general conclusion is that more study of available data would 
be extremely informative, particularly in the test of transferability of St. Louis 
results, and in discerning more about the causative urban factors at Chicago. 
In particular, the necessarily limited radar and raincell studies of this 
project produced exciting information and raised many questions that could be 
resolved by further study of existing echo data for 1978-1979 and raincell 
data for the same two summers. 
